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Abstract

The Leishmania donovani complex comprises four described species: L.
donovani, L. archibaldi, L. infantum and L. chagasi. L. chagasi is the only New World
species and has been considered similar to L. infantum, although some authors insist
on maintenance of its independent species status. L. donovani has at least two major
epidemiological subgroups whose relationships are poorly understood.

In this thesis, molecular biological techniques were used to investigate the
taxonomy and phylogenetic relationships within the L. donovani complex, with
isoenzyme analysis (IEA) as reference technique. Random amplification of
polymorphic DNA (RAPD) was used to provide anonymous genetic markers which
allowed overall comparisons of genomes. Selected target genes and intergenic
regions were also amplified by the polymerase chain reaction (PCR), namely the
major surface protease (msp or gp63), the mini-exon and the ribosomal internal
transcribed spacer (ITS). PCR products of intergenic regions between msp genes
(ITG/CS and ITG/L), mini-exon and ITS were analysed by restriction fragment length
polymorphism (RFLP). Phylogenies generated from each of the methods were
compared with that of IEA.

L. infantum and L. chagasi were found to be synonymous, whilst L. donovani
was found to be more polymorphic than L. infantum and a fourth possible species in
the complex, L. archibaldi, was not supported. Six genetic groups of strains were
identified in the L. donovani complex, based on all DNA based analyses, which
agreed with IEA typing. Pooled data from RFLP and RAPD analyses generated
robust phylogenies which were congruent with ITG/CS RFLP and msp DNA
sequence based phylogenies, but not with IEA phylogenies. The evolutionary history
of the L. donovani complex is analysed in the light of the present results. The diverse
typing methods were also evaluated and genetic markers suggested, that are

applicable to classification and typing of L. donovani species and strains.
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1. Introduction

1.1. Leishmaniasis

1.1.1. Characterization of leishmaniasis

1.1.1.1. One name for a wide range of disease forms

Leishmaniasis is a disease which results from infection with parasites of the
genus Leishmania, which are transmitted through the bite of sandflies, diptera (Fam
Psichodidae) of the genus Phlebotomus in the Old World (OW) or Lutzomyia in the
New World (NW). The disease has a tropical to sub-tropical distribution, which is
mostly dependent on the distribution of the vectors.

All continents, except Australasia and Antarctica, have endemic areas for
leishmaniasis, which is mainly present in Southern Europe, North and Central Africa,
the Near and Middle East, the East of China and Central and South America, in a
total of 88 countries (http://www.who.int/inf-fs/en/fact116.html. Leishmaniasis affects
at least 12 million people, with 2 million estimated new cases each year
(http:/www.who.intinf-fs/en/fact116.html), of which 1.5 million are new cases of
cutaneous leishmaniasis (CL) and 0.5 million are new cases of visceral leishmaniasis
(VL), but these figures are probably underestimated (Desjeux, 1992). The most
affected areas are in developing countries or include impoverished populations.
Three hundred and fifty million people are potentially at risk, especially in rural and
poorly developed urban areas. Massive migrations to or from endemic areas (de Beer
et al., 1991; Mengesha and Abuhoy, 1978), often accompanied by famine, have been
followed by epidemics but invasion of forest areas seems to be a further risk factor in
tropical countries (Molyneux, 1998).

Human leishmaniasis includes a variety of clinical presentations - visceral (VL)
or kala-azar, mucocutaneous (MCL), cutaneous (CL), diffuse cutaneous (DCL) and
post kala-azar dermal leishmaniasis (PKDL) - which usually correlates with the
causative species (Table I). Visceral leishmaniasis is caused by the L. donovani
complex (including L. infantum and L. chagasi). Leishmania donovani is also the
aetiological agent of PKDL. Leishmania major and L. tropica cause Old World CL
whilst L. braziliensis complex parasites cause MCL and the L. mexicana complex
causes American cutaneous leishmaniasis (ACL) and also DCL.

The relationship between the parasite species and the type of leishmaniasis is
not always straightforward. Leishmania donovani complex strains are known to cause
CL (Ben Ismail et al., 1992; del Giudice et al., 1998, Mebrahtu et al.,, 1993; Oliveira
Neto et al., 1986a; Ponce et al., 1991) or even MCL (Alvar et al., 1990; el Hassan et

al., 1995), and the diverse New World species cause several types of often
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indistinguishable cutaneous - mucocutaneous leishmaniasis. Leishmania tropica has
also been found to be agent of mucocutaneous lesions in the Old World (Mohammed
and Wright, 1987; Morsy et al., 1995), although not as severe as in the NW, and to
cause VL in American troops during the Guif War in the Persian Gulf between 1990
and 1991 (Hyams et al., 1995). Host susceptibility, probably dependent on genetic
factors (Bryceson, 1996) and immune or nutritional status (Cerf et al., 1987; Dye and
Williams, 1993), seems to play an important role on development of disease. External

factors, such as the inocula, the vector saliva and the parasite genotype, however,
may also be important.

Since treatment given to each patient is dependent on the parasite and on
early diagnosis, it is important to identify the responsible agent correctly and quickly.
It is also important to assess the type and intensity of the patient’'s immune response

to try and predict the outcome of an initial infection.

Table | - Leishmania species and disease forms

Type of leishmaniasis Main species Other species
Visceral L. donovani complex -

Old World cutaneous L. major, L. tropica L. donovani complex
Mucocutaneous L. braziliensis complex L. tropica
American cutaneous L. mexicana complex L. braziliensis complex
Diffuse cutaneous L. mexicana complex -

Post kala-azar dermal L. donovani -

1.1.1.2. Clinical presentation

Visceral leishmaniasis is the most serious form of leishmaniasis. The fatality
rate for symptomatic cases is high without treatment (up to 90%) (Seaman et al,
1996: Thakur, 1984), especially in impoverished populations with deficient nutrition.
With treatment and in healthy populations VL is much less serious (al Jurayyan et al.,
1992; Evans ef al., 1995; Jeronimo et al., 1994, Saxena et al., 1996), although there
is significant morbidity (Siddig et al., 1990). The Leishmania infected macrophages
concentrate in the liver, spleen bone marrow and lymph nodes, thus causing
hepatomegaly, splenomegaly, anaemia and lymphadenopathy. VL is also
characterised by intermittent fever and weight loss. There is depletion of cell-
mediated immunity but humoral response is very strong. The darker coloration of the
skin in the Indian form of disease led to the Sanskrit name of kala-azar, for black

fever.
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Most CL cases are single, painless cutaneous lesions which are self-healing
or easy to treat, although disfiguring. The appearance of the lesions may vary
enormously, from dry to wet sores and from single to muiltiple lesions. All Leishmania
species isolated from humans have been implicated as aetiologic agents of CL,
although those mainly responsible are L. major and L. tropica in the OW (Ashford and
Bates, 1999) and L. mexicana, L. guyanensis and L. braziliensis complexes in the
NW (Lainson and Shaw, 1999). Simple CL can be the primary lesion before the
development of MCL or DCL.

Mucocutaneous leishmaniasis involves destruction of the mucocutaneous
border and cartilage and can be fatal if the respiratory mucosa of the larynx and
pharynx are affected. It is thought that parasites metastise to the facial cartilage and
mucosa from primary infections. Proximity of the primary lesion to the face and high
number of sandfly bites seem to correlate with development of MCL. The highly
disfiguring and often debilitating lesions on the face, may lead to social stigmatisation
of the patient. Diagnosis and identification of the parasite is not easy since isolation
of parasites is not often achieved. Treatment is very difficult and lesions often require
intense reconstructive surgery.

Diffuse CL results from skin restricted metastasis, usually by L. mexicana
complex parasites in the NW (Lainson and Shaw, 1999) and in the OW by L.
aethiopica (Ashford and Bates, 1999), producing nodular lesions throughout the
body. The condition is characterised by anergy of both cell-mediated and humoral
immunity and is extremely resistant to therapy. In the Dominican Republic an
unknown species of Leishmania was also found in DCL type lesions (Lainson and
Shaw, 1999).

In L. donovani endemic areas some patients develop skin lesions, a condition
known as PKDL (Ashford and Bates, 1999) because it usually follows the'rapeutic
‘cure’ from VL (from before cure of VL up to at least 10 years after). There are cases,
however, without any previously known history of VL, although sub-clinical infection
might have been present. Clinical presentation is very variable, from alteration of

pigmentation to cutaneous nodules, mainly in surfaces exposed to light, and the

condition can become equivalent to DCL.

1.1.1.3. History
Although the aetiological agents of leishmaniasis only began to be identified

at the beginning of the 20™ century, the presence of the disease in the human
population may be quite ancient. Pottery in the NW depicts faces with mutilations

very similar to those seen today in MCL cases (Ashford and Bates, 1999), although
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some authors argue that they may be ethnic mutilations (Jarry, 1999). Similarly, there
are reports of afflictions similar to OW CL from 5000 years ago in what is now Iraq. In
the 10" century there is an indisputable description of CL by an Arab physician (Jarry,
1999). The first description of VL is much more recent (1835), from Greece, and
literature from the Indian continent did not describe any cases until 1872, when
serious epidemics at the beginning of that century were reported (Jarry, 1999).
Although visceral affliction is prone to being mistaken with malaria or plague, it is

possible that Indian VL was a recent introduction from areas with low endemicity,
such as Northeast Africa.

1.1.1.4. Distribution

Visceral leishmaniasis can be roughly divided into three epidemiological types.
Human restricted VL in the Indian sub-continent is caused by L. donovani (s.s.); the
canine zoonosis, which afflicts mainly children in the Mediterranean basin through the
Asian interior to Meridional China and the Americas, including countries from Brazil to
the United States of America (USA) caused by L. infantum and L. chagasi;, and the
form in North-eastern Africa, without an identified reservoir, caused by L. donovani
(s.1.).

Old World CL due only to L. major is present in North Africa and the borders
with the South Sahara desert, due to either L. major or L. tropica from the Arabian
peninsula to West of the Indian Continent, and due only to L. aethiopica in Ethiopia.

In the New World (Lainson and Shaw, 1999), of the species of the L.
mexicana complex; L. mexicana is present in the USA, Mexico, Belize, Guatemala,
Honduras and Costa Rica, L. amazonensis in Bolivia, Brazil, Colombia, French
Guyana and Paraguay. Of the species of the L. braziliensis complex, L. braziliensis is
reportedly present in most Latin American countries except perhaps Argentina,
although it may often have been inadequately identified, and L. peruviana is in
Andean Peru and perhaps other Andean countries. Of the species in the L.
guyanensis complex, L. guyanensis is present in Brazil, north of the Amazon, and the
Guyanas but also in Equador, Venezuela and Peru, L. panamensis is present in

Panama but also in Colombia, Equador, Venezuela, Costa Rica, Honduras and

Nicaragua.
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1.1.2. Visceral leishmaniasis epidemiology - The Portuguese example

Leishmaniasis caused by L. infantum is considered sporadic in continental
Portugal, with a number of endemic regions. Currently identified endemic regions are
Vila Real (North), the Algarve, Greater Lisbon and Evora (Figure 1). The Algarve
(Campino et al., 1995) and Evora (Semido Santos et al., 1995) have only been fully
recognised as endemic areas in the last five years. According to data from the
Primary Health Care General Direction (Direcgdo Geral dos Cuidados Primarios de
Saude) in 1991, the annual incidence was of 8.3 / 100 000 inhabitants in the Alto

Douro, 0.2 / 100 000 inhabitants in the Lisbon Metropolitan Region and 1.2 / 100 000
inhabitants in the Algarve.
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Figure 1 - Distribution of foci in Portugal

Prevalence of Leishmania infection in dogs was found to be of 11.4% in Vila
Real (Figure 2) (Abranches et al., 1992; Sampaio-Silva et al., 1993), with a maximum
of 37.8% in a locality called Vale de Mendiz (Abranches et al., 1992). In Greater
Lisbon region, prevalence varied from 8.8% to 3.8 % in rural (Figure 3) and urban
areas, respectively (Abranches et al., 1987). A maximum prevalence of 10% was
recorded in the Natural Park of Arrabida (Figure 3), where a sylvatic cycle was

identified with the red fox Vulpes vulpes as reservoir (prevalence of 5.6%). In the

24



region of Lisbon the human prevalence correlated negatively with the canine
prevalence. In the Algarve, an overall prevalence of 7% was found in the Loulé county,
with a maximum of 18.4% in the locality of Querenca (Figure 4). In the Evora district an
overall canine seroprevalence of 3.9% was found with a maximum of 6.9% in the

locality of Nossa Senhora dos Aflitos.

Figure 2 - North of Portugal, Alto Douro - Alijo - vegetation and landscape.
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Figure 3 - Arrabida - view of the Serra and adjacent rural areas



Figure 4 - Algarve: Querenca. A - Village and surroundings. Vegetation and landscape
in the ‘barrocal’: rural hilly area with high population density. B - Kennel: dogs roam

freely or are restricted to unprotected kennels.

Epidemiology of visceral leishmaniasis is poorly understood, and Portugal is
not an exception. Four main foci have been identified, but only a few counties have
been studied, and many regions may have been overlooked. In the focus of Alcacer do
Sal (Figure 5), in which no reservoir cases were found by Abranches et al. (1983), at
least 10 cases of canine visceral leishmaniasis were reported later (Galrito et al.,
1991; Vicente, 1990). Given that high incidence of canine leishmaniasis may not
correlate with high incidence of human leishmaniasis (Abranches et al,
1987), and
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that not all seropositive dogs develop symptoms, the prevalence of Leishmania
infection in regions not considered endemic may be high enough to maintain
endemicity throughout the country (Rioux et al., 1972). Phlebotomine sandflies prefer
areas with moderate temperatures (Alves Pires and Ribeiro, 1991), but are fairly
tolerant to drought. A nation-wide epidemiological enquiry would be required in order
to know the real situation of Portugal regarding leishmaniasis. Prevalence rates
among stray dogs and sylvatic canids are also unknown, and very difficult to study. It
is thus not known if leishmaniasis is endemic in the entire territory or if there are true
limited foci. It must be noted that in the studied foci there were high prevalence
regions in the borders (Abranches et al.,, 1992; Campino et al., 1995; Sampaio-Silva et
al.,, 1993; Semiao Santos et al.,, 1995), which may indicate that each focus is larger
than the studied area. Since effective field study of Leishmania infection in Portugal is
so difficult, another way to assess whether the foci are limited or if there is a

continuum across the country is to study the genetics of the parasites themselves.
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Figure 5 - Alcacer do Sal, a humid rice growing region with a history of malaria, which

was eradicated by insecticide spraying, co-existing with more dry areas with Quercus
sp. Previously described as an endemic focus, leishmaniasis was apparently
eradicated following anti-malaria campaigns. The resilience of leishmaniasis could be
explained by the higher resistance to drought by Phlebotomus or by re-introduction

from nearby endemic areas, such as the Arrabida.

Until recently, the only Leishmania zymodeme identified in Portugal had been
MON 1. In the last 20 years, however, two MON 24 isolates were found infecting the
sandfly vector in the endemic area of Vila Real and in an human immunodeficiency
virus (HIV) co-infection case. A case of CL caused by MON 29 was also found near

the border with Spain in the Alentejo region of Portugal. It was suggested that it could



be due to importation of Spanish strains to the Portuguese territory. However, the
Alentejo has not been studied, except for the municipality of Evora, although reports
from the decades of 60 and 70 indicated high incidences. It is possible that there is a
continuum with Spain with presence of more unusual zymodemes in border areas. An
HIV patient was also found with L. donovani MON 18 (Campino et al., 1994),
probably a needle transmission case. There are unreported cases of unusual
zymodemes or Leishmania like parasites found among HIV patients in Portugal; but
to a lesser extent than in Spain.

Typically a disease of young children in Portugal, VL is becoming more and
more a disease of the immunologically compromised, as in other European and
American countries. Most affected adults are co-infected with HIV, although other
immunocompromised patients, notably transplant recipients, are also at risk. Most
HIV / Leishmania co-infected individuals are men and drug users (Campino et al.,
1997). As in other countries, parasites have also been found in unusual organs, such
as the lungs, intestines and skin, which may be a consequence of Leishmania being
allowed to spread uncontrolled. However, it may be that lesions are revealed by the
intensive screening for opportunistic diseases done on acquired immunodeficiency

syndrome (AIDS) patients.

1.1.3. The hosts

Although medically important parasites, most Leishmania do not have humans
as their most important host. Some species, like L. arabica, L. turanica and L. gerbilli
in the OW and L. aristidesi, L. enriettii, L. hertigi and L. deanei in the NW have not
been found in and are probably non-pathogenic to humans. Parasites that cause CL
can easily be spread from person to person by the sandfly vector, since parasites are
present in healthy skin, whilst human transmission of VL is only certain in India. Most
Leishmania species have rodents and even dogs as reservoirs. Excluding humans,
the main reservoirs for OW leishmaniasis by L. major, L. infantum and L. aethiopica
belong to orders Rodentia, Carnivora and Hyracoidea, respectively. In the NW, orders
Rodentia, Carnivora, Xenarthra and Didelphimorphia include reservoir species of
[ eishmania. Primates other than humans have been found infected with L. shawi in
the NW and L. majorin the OW (Binhazim et al., 1987).

The dog is considered the main reservoir of VL caused by L. infantum and L.
chagasi, although other canids have also been found infected (Dereure, 1999), like
the red fox (Abranches et al., 1984; Rioux et al., 1968), the wolf (Dursonova ef al.,
1965) and the jackal (Hervas et al., 1996). Leishmania infantum has also been

isolated from two Felidae (Ozon et al., 1998) and four Rodentia species, including
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two Rattus spp (Gradoni et al., 1983; Ibrahim et al., 1992). In the NW, L. chagasi was
found to have two opossum species (Didelphis spp.) (Travi et al., 1994) and the fox
Cerdocyon thous (Lainson et al., 1990; Lainson et al., 1969: Mello et al., 1989,
Silveira et al., 1982) as sylvatic reservoirs.

In the case of zoonotic VL (in the Mediterranean basin and the NW), humans
are considered as dead-end hosts, although person to person spread is not
completely ruled out. Notably, only human hosts are known for Indian VL, where
parasites are easily found in peripheral blood and occurrence of PKDL can support
the existence of a long term human reservoir. Although PKDL also occurs in the foci
of Northeast Africa, evidence for an exclusive human reservoir is weaker, except
perhaps in epidemic situations, but no reservoir has been positively identified.
Acquisition of VL by people visiting game reserves, implicates the existence of a
probably old, still unidentified, sylvatic reservoir. Thus, transmission of L. donovani in
Africa may be of a mixed type, with human to human transmission, namely in
epidemic situations, together with a well established sylvatic reservoir, which does not
develop leishmaniasis and is infective to sandflies.

The large number of potential hosts of each Leishmania species complicates
both evolutionary and epidemiological studies. Studies on co-evolution are hindered
by the difficulty in identifying the most ancient reservoirs, whilst depletion or control of

one reservoir may only switch the epicentre of the infection cycle to another host.

1.1.4. Immunity

In humans, self-healing cutaneous lesions are usually accompanied by
positive delayed hypersensitivity skin reaction to leishmanin and low antibody
production, whereas visceral leishmaniasis is usually accompanied by a surge in
antibody production and the leishmanin skin test only becomes positive after cure
(Ashford and Bates, 1999; Le Fichoux ef al., 1999). Diffuse cutaneous leishmaniasis,
in which the immune response is hindered (Ashford and Bates, 1999), and the severe
mucocutaneous leishmaniasis are much more difficult to treat (Lainson and Shaw,
1999:; Ashford and Bates, 1999).

As Leishmania reach the skin of the mammalian host, as promastigotes,
through the bite of a sandfly, they must face a series of defences by the immune
system. Leishmania, however, can in part evade the immune system by parasitising
macrophages. Promastigotes may differentiate extracellularly into amastigotes or
may directly be phagocytosed by macrophages. Promastigotes efficiently activate
complement and enter macrophages using complement receptor 3 (CR3) and other

complement receptors (Mosser and Karp, 1999; Russell, 1995). Both
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lipophosphoglycans and the protease glycoprotein 63 (GP63), abundant in
Leishmania promastigote membranes, are known to bind CR3 directly and thus

facilitate phagocytosis (Mosser and Karp, 1999).

1.1.4.1. In the macrophage

In the phagocytic vacuole, amastigotes are able not only to survive in the
acidic environment, rich in lysosomal hydrolases, but transform it into a
parasitophorous vacuole and avoid the macrophage antigen-presenting capabilities
(Russell et al., 1992). Although the membrane of the parasitophorous vacuole is rich
in major histocompatibility complex type II (MHC 1) molecules, Leishmania can
reduce antigen presentation by limiting the release of potential antigens to their
flagellar pocket (Russell et al., 1992). However, both peptide and non-peptide
antigens (such as lipoglycans) can be presented to human T cells, in the latter case
by cluster of differentiation 1 (CD1) molecules.

In immature non-activated macrophages, amastigotes will proceed with
division until they are released from the host cell to invade new macrophages.
Mechanisms of immune evasion can vary according to the Leishmania species.
Macrophages infected with L. donovani have lower levels of MHC Il and co-
stimulatory molecules (such as B7) and thus a lower capacity to present antigen to T
cells (Russell, 1995), whilst L. amazonensis escapes the immune system by
generation of certain epitopes (Russell, 1995), and there is evidence that L.
amazonensis also internalizes and degrades MHC Il molecules (De Souza Ledo et
al., 1995). Furthermore, infected macrophages have a reduced ability to respond to
activating cytokines, because of interference of the parasite with messenger
cascades through modulation of protein kinase C (Russell, 1995).

Macrophages are activated by interferon y (IFNy) to produce inducible nitric
oxide synthase (iNOs) which will synthesise reactive nitrogen radicals toxic to
Leishmania (Stenger et al., 1996). Nitrogen radicals such as nitric oxide (NO),
however, seem to be able to control infection only in early stages of disease (Evans
et al., 1996). A functional Fas pathway is also necessary for resolution of disease
(Stenger et al., 1996). The cell surface Fas receptor mediates induction of apoptosis,
via activation of caspases (cysteine proteases which cleave the carboxyl terminus of
aspartate residues) and release of apoptogenic proteins (e.g., cytochrome c) from the
intermembrane space of mitochondria to the cytosol, thus triggering degradative
events (Wilson, 1998). During infection with L. major, macrophages up regulate

surface expression of Fas in response to IFNy, thus causing apoptosis (Stenger et al.,
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1996). This reduction in the number of macrophages may limit the number of
available host cells for parasite infection and also increase the ratio of CD4+ T helper
1 (Th1) cells, producing IFNy, to infected macrophages. The efficiency of
macrophage activation is thus increased (Stenger et al., 1996). However, disruption
of interleukin (IL) 2, a necessary potentiator of Fas-mediated cell death, or IL 2
receptor during infection may trigger autoimmune disease (Refaeli and Abbas, 1998).
This mechanism might be involved in the development of the autoimmune type of
mucosal disease due to L. braziliensis.

1.1.4.2. Innate resistance

The innate phase of host resistance is commanded by natural killer (NK) cells
(Scharton Kersten and Sher, 1997), which can be activated upon Leishmania
infection through both T-cell independent and dependent pathways (Scharton
Kersten and Sher, 1997). Unlike T cells, NK cells respond very rapidly to stimuli and
do not require priming (Stenger et al., 1996). NK cells produce IFNy and tumour
necrosis factor a (TNFa) which can inhibit the growth of pathogens in initial stages of
infection, thus allowing the host to develop an efficient adaptive immune response
(Stenger et al., 1996). Not only IFNy has a role in activating macrophages, as NK
cells influence the pathway of differentiation of CD4+ cells, through CD4, CD40,
CD80 or CD86 and respective ligands.

1.1.4.3. T helper response

Correct activation of macrophages, leading to strong cell mediated immunity,
is dependent on a number of Th1 type response cytokines, such as IFNy and IL12
(Louis et al., 1998) from CD4+ cells, and usually leads to cure (Gaafar et al., 1995;
Kurtzhals et al., 1994). Active disease is dependent on a Th2 type response, with
production of IL4 and IL10 (Cillari et al., 1995; Kurtzhals et al., 1994; Launois ef al.,
1997; Reiner and Locksley, 1995); T-cells are depleted with consequent impaired
lymphocyte and cytokine response to antigen stimulation. Th2 responses involve
prominent humoral immunity with activation of antibody production (Kaye et al., 1995;
Kemp et al., 1994). The outcome of infection has been shown to be dependent on
the initial commitment of the immune system towards one of the response types
(Louis et al., 1998; Murphy, 1998; Reiner and Locksley, 1995) in which case relative
concentrations of Th1 and Th2 type cytokines are more important than absolute
quantities of cytokines. This model is mainly based on murine studies, but similar

polarisation of the immune response seems to control the response to Leishmania
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infection in humans (Kemp et al., 1994; Kurtzhals et al., 1994).

Development of a Th1 type response is dependent on a number of factors,
inlcuding time after infection. IL12 is critical but only in the initial stages of infection
and may thus be useful as a vaccine adjuvant rather than as therapy (Scharton
Kersten and Sher, 1997). IFNy can regulate the ability of T cells to respond to IL12,
but is not enough for Th1 development (Murphy, 1998). However, IFNy produced by
specific MHC |l restricted CD4+ T cells js important in regulating macrophage
activation (Louis et al., 1998) by activating iNOs and up-regulating surface Fas.
Leishmania can specifically inhibit IL12 production by infected macrophages in vitro
and thus lead to the establishment of chronic patent infections (Carrera et al., 1996)
and may cause disseminated VL in humans by engaging Fcy receptors on
macrophages, which stimulate IL10 production (Karp et al., 1993).

IL4 is the main cytokine implicated in Th2 development, with the simultaneous
loss of IL2 responsiveness (Murphy, 1998). Th2 cytokines deactivate macrophages
and hamper the effect of IFNy; furthermore, tumour growth factor B (TGFB), IL10 and
IL13 can interfere with induction of iNOs (Stenger et al., 1996).

Resolution of infection may not mean freedom from infection. Inhibition of the
nitric-oxide-dependent pathway can result in expansion of parasites that had been
either quiescent or replicating slowly in resolved lesions of L. major in mice (Louis et
al., 1998). Furthermore, maintenance of delayed type hypersensitivity, or positivity to
the Montenegro test, and the many cases of PKDL after resolution of leishmaniasis

suggest non-sterile immunity.

1.1.4.3. External factors regulating immunity

Host resistance to infection appears to be controlled by several genes and
may involve several mechanisms (Stenger et al., 1996), as described above. Despite
the importance of the host response, external factors, such as species of Leishmania,
dosage, number of inoculations and vector saliva, can influence the outcome of
infection.

Several studies have revealed that sandfly saliva may affect host susceptibility
to Leishmania infection. Saliva components were shown to enhance lesion
development by L. major (Belkaid et al., 1998; Hall and Titus, 1995, Mbow et al.,
1998) and L. braziliensis (Donnelly et al., 1998; Samuelson et al., 1991), and to affect
the outcome of L. infantum infection (Warburg et al., 1994). The saliva of sandflies is
highly immunogenic (Ghosh and Mukhopadhyay, 1998) and previous exposure of the
host to the saliva may reduce infectivity of Leishmania (Belkaid et al., 1998), although
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saliva was shown to decrease killing of intracellular parasites (Hall and Titus, 1995)
and to exarcebate disease by L. major by decrease of Th1 cytokines and associated
factors and enhancement of Th2 cytokine IL4 (Mbow et al., 1998), the latter even in
the absence of infection. The levels of a salivary component, maxadilan (Lerner and
Shoemaker, 1992), were shown to correlate directly with erythemas caused by
feeding sandflies and inversely with Leishmania proliferation in the skin (Warburg et
al., 1994). This effect could explain proliferation in the cutaneous lesions produced by
L. chagasi infection in Costa Rica, where the population of L. Jongipalpis has a lower

level of Maxadilan than Brazilian or Colombian sandflies (Warburg et al., 1994).

1.1.4.5. Vaccination

There is some evidence that protection against leishmaniasis is possible;
induced infection with L. major is still practised to protect against undesirable face
lesions (Modabber, 1990) and there are a large number of asymptomatic leishmanin
positive individuals in endemic areas (Marty et al., 1992; Marty et al., 1994, Nandy et
al., 1987; Shiddo et al., 1995; Zijistra et al., 1994). Long-term protection seems to be
associated with CD8+ producing IFNy (Gurunathan et al., 1997; Pinelli et al., 1994), a
component overlooked in most vaccine development trials. (For types of vaccine and

vaccination trials see 1.1.6. Control of VL)

1.1.5. Diagnosis

Clinical presentation of visceral leishmaniasis, especially at the onset, can be,
and has been, confused with a number of other diseases, including malaria, liver
diseases and immune disturbances (DeBeer et al, 1991). Even the more
conspicuous cutaneous forms of leishmaniasis can be mistaken for leprosy or other
cutaneous diseases (Blum et al., 1994; Chakrabarti et al., 1997; Dhar et al., 1995;
Ramesh et al., 1994). It is thus necessary to use specific diagnostic methods. The
gold standard has been and still is microscopical identification of parasites from
biopsies of infected tissue (Palma et al., 1991). Specificity is 100%, but sensitivity is
low and dependent on preparation and examination of slides. Diagnosis can also be
made by isolation of parasites in culture or by sub-passage in a rodent. These
methods increase sensitivity, but are demanding in terms of cost, time and
manipulation. Serological methods allow indirect identification of infection (or
exposure to infection) by measuring the amount of specific antibodies against
[ eishmania antigens. The most used serological techniques are direct agglutination

tests (DAT) (el Harith et al., 1989), immunofluorescence (IFAT) (Kien Truong et al.,
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1969; Lupascu et al., 1970) and enzyme-linked immunosorbent assay (ELISA)
(Hommel et al., 1978), although others are also available, such as Western blot (dos
Santos et al., 1987, Jaffe et al., 1984), dot-ELISA (Pappas et al, 1983), latex
agglutination test (Mayrink et al., 1972), immunodiffusion (Bray and Lainson, 1966;
Rodriguez Cuartero and Nunez Carril, 1974), complement fixation (Chavez and
Witremundo Torrealba, 1965) and counterimmunoelectrophoresis (Desowitz et al.,
1975). Serological methods are particularly useful in the diagnosis of visceral
leishmaniasis, since the active phase of disease is characterised by increased
humoral response which decreases with cure, but less for cutaneous forms of
leishmaniasis with have a stronger cellular response. Specificity and sensitivity are
not ideal, however, because of low antibody titres and cross-reactivities, and
diagnosis is usually improved by combining two or three different methods, for
example IFAT, ELISA and DAT (Cabral et al., 1998; Cuba et al., 1996; Kar, 1995;
Millesimo et al., 1996; Semiao Santos et al., 1995).

DNA based methods for detection of parasites, which have been developed to
be 100% specific and can be very sensitive (Degrave et al., 1994; Weiss, 1995;
Wilson, 1995), include detection by hybridisation, with DNA probes, of whole or
restricted DNA on several types of blots, such as dot blots and Southern blots. The
most promising are the polymerase chain reaction (PCR) and its derivatives (Degrave
et al., 1994; Weiss, 1 995; Wilson, 1995). In practice, DNA based diagnosis is not free
from problems: lack of effective sensitivity, false positives, inhibition by host DNA or
contaminants, sensitivity to contamination by amplicons, etc. PCR technology is
recent and it has been difficult and expensive to apply in field conditions or in less
developed countries, where leishmaniasis is a bigger problem. In conclusion, despite
some advantages of molecular biological diagnostic methods, serological methods
are still the best choice in most countries, although DNA based methods are
becoming cheaper and easier to use.

Optimal diagnosis of leishmaniasis should involve identification of the parasite
species or even phenotype, because different parasites can cause identical disease
forms and, conversely, the same species of parasites can cause different disease
forms. The best treatment may vary according to parasite types (Berman, 1997;
Chance, 1995; Davidson, 1998). In epidemiological surveys, it is not only essential to
know how many people are infected but also with which parasite, in order to
understand life cycles and develop better control measures. At present it is in this
field that molecular methods are the most useful, since serological methods are
inadequate and current methods of allozyme electrophoresis are time consuming and

require large numbers of parasites. DNA based typing should be faster, more reliable
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and provide characterisation of the parasites at different taxonomic levels, according
to the needs of the epidemiologist or clinician.

1.1.6. Control of visceral leishmaniasis

A parasitic disease with complicated epidemiology such is leishmaniasis, is
very difficult to eradicate (Wilson and Streit, 1996). Although apparent eliminations
have been achieved, often through vector or reservoir control, re-introductions or
resurgences are very common (see 1.1.2.). The best examples of successful
eradications may have been in some areas of China (Bao et al., 1994) and Iraq, but
knowing the present situation is very difficult, especially in Iraq. VL remains in some
areas of China (Katakura et al., 1998) and L. infantum has been found in sandflies in
areas where only CL had been reported (Guan et al., 1994). Some L. infantum strains
are known to cause CL, but L. infantum may also cause CL or inapparent infections
in populations with better health conditions.

Vector control using insecticides has been effective to some extent but it also
damages the environment. Given the zoophylic and burrow breeding habits of
sandflies, large areas should be sprayed, not only humid or habitational areas. Large
amounts of insecticide would thus be required, raising cost and contamination of
human and natural environments. Resurgence of sandflies has occurred after major
depletions in number, often after reported they were thought to have disappeared,
following insecticide anti-malarial campaigns, probably because they are more
resistant than Anopheles to dry environments, which are often spared spraying, and
because PKDL patients may act as long term reservoirs (Thakur and Kumar, 1992;
Wilson and Streit, 1996). In most cases resurgences were made worse when
populations became immunologically naive, like in Bangladesh (Elias et al., 1989)
and India (Thakur and Kumar, 1992). There is also some evidence that sandflies may
develop insecticide resistance (Bansal et al., 1996; Kaul et al., 1994; Mukhopadhyay
et al., 1996), thus requiring increasing amounts of or alternative insecticides.

Reservoir control has been done by culling or treatment of sick or infected
animals, mainly dogs. Treatment of human patients is mostly effective, as a control
measure, against antroponotic VL (as in India) together with the use of bednets to
prevent spread to the vector. For zoonotic VL, treatment of dogs is not recommended
since it is largely ineffective and very expensive, and it is not an option in
impoverished populations. Although identification and killing of infected dogs has
been mostly applied to control VL with success in some areas, such as China and
Irag, in most countries it is very difficult to achieve due to the logistics of catching

stray dogs, identifying all infected dogs and convincing owners to sacrifice their dogs.
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Culling infected dogs may not be effective because at least some dogs may be
infective to the sandfly before the onset of clinical signs and a significant serological
response (Molina et al., 1994). Other reservoirs may be wild or semi-domestic
animals. It is thus very difficult to identify all infective reservoir animals. Furthermore,
in some areas the human reservoir may become more important as cases of HIV /
Leishmania co-infection increase and create a human restricted cycle of
leishmaniasis.

Vaccination is the most sought for form of control, for it should be more cost
effective and more efficient. Complete eradication may never be achieved, but
maintenance of very low infection levels in resistant populations would be highly
desirable and a realistic objective. Historically, live vaccination with L. major has been
used with success to prevent disfiguring lesions, however, it is both impractical and
dangerous, and vaccination with L. major does not cross protect against other
Leishmania species. Indeed, there is very limited cross-protection between
Leishmania species. Trial vaccination with killed whole parasites of L. infantum
increased susceptibility of dogs in the field (Dunan et al., 1989). Second generation
vaccines involve identification and isolation of antigens. Although many L. major
antigens have been successful in the rodent model against cutaneous leishmaniasis,
effective protection against L. infantum or L. donovani in the dog has proved elusive.
Third generation vaccines include recombinant DNA, either in other organisms, such
as BCG, Salmonella, etc. or as naked DNA in plasmids. Furthermore, vaccination
against VL in the Mediterranean basin and the Americas would be most effective on
the dogs, the reservoir. Currently, in Brazil there is a promising candidate whole
vaccine which is being tested in phase Il trials (Mayrink et al., 1996).

Good vaccination strategies against leishmaniasis are difficult to develop. The
mouse is a model preferred to the dog for technical and ethical reasons, but the two
models are not fully compatible. Immunology of leishmaniasis is poorly understood
and dependent on the parasite species and the host and vaccine candidates can only
be identified by trial and error. A suitable antigen should elicit both cell mediated
immunity and memory. In this respect, DNA immunisation could be the best option.
An alternative could be to vaccinate against vector saliva (Ghosh and
Mukhopadhyay, 1998), as sandflies fed with immunized serum or from previously
exposed animals have a higher death rate and development of Leishmania in the
vector is affected.

The main risk factor for human leishmaniasis seems to be malnutrition and
immune deficiencies. Hunger, as a consequence of poverty, may never be eradicated

and malnutrition, either through poverty or fast food culture in rich countries, is
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frequent. The number of immune deficient patients is increasing due to AIDS and
transplant patients and more and more immunologically naive people migrate into
leishmaniasis areas.

It is very likely that neither eradication, nor even the perfect strategy for
control of leishmaniasis will ever be achieved. Not only, in many cases, is the source
of infection present in the wild, like in the Amazonian forest, but also in other cases
the reservoir is becoming more and more domestic - the dog, or even the rat. Many
reservoirs are not exclusive to one species of parasite and many parasites adapt to
new hosts (as the dog) as the sandfly vector changes feeding habits. With this in
view, the best strategy for control of leishmaniasis will probably be a combination of a
number of methods, locally adapted to the parasites, vectors and reservoirs and
economic and ecological characteristics of each focus, but in a global control
strategy.

A good summary of the present situation is presented by Wilson and Streit
(1996): “Visceral leishmaniasis presents a serious problem in endemic regions that is
difficult to treat or prevent. Several epidemiological problems make the disease
particularly troublesome to manage. These include the facts that classic visceral
leishmaniasis is fatal if untreated and there is not reliable access to medical care in
many endemic regions. When available, treatment has associated toxicity and
requires the use of intravenous medications with careful monitoring for toxicity, which
are complex to administer in underdeveloped nations. There is an increasing
incidence of the disease in HIV-infected individuals in southern Europe, in part
because of the fact that eradication of the organism from infected persons using
currently available drugs appears to be difficult if not impossible. Furthermore, chronic
cutaneous forms of the disease allow humans and animals to maintain the organism
long-term in a bodily site that is easily accessible to the sandfly vector. More effective

and less toxic treatment modalities as well as a protective vaccine are badly needed

to manage this disease.”

1.2. The parasite
1.2.1. Characteristics and morphology
Leishmania are eukaryotic single celled organisms, with a modified
mitochondrion of which the genome (see 1.2.5.2.) is organised in a disk shaped
dense structure called the kinetoplast which is located near the base of the flagellum.
Parasites are found in two basic forms: the promastigote which is characterised
morphologically by an elongated body of 5 to 20 um in length and 1 to 4 um width,

and an anterior free flagellum of up to 20 um; and the round or oval amastigote, of
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4um in length and 2 um wide on average, with a very short, almost invisible, flagellum
enclosed in the flagellar pocket (Antoine et al., 1999). A third form, the paramastigote
(Lang et al., 1991) with only 5 to 6 um of length and a very short flagellum, has been
described in the vector but the role in the life cycle is not known (Antoine et al., 1999).

Leishmania are kinetoplastids, considered to be an ancient group descendent
from primitive mitochondriate eukaryotes (Vickerman, 1994), although possessing
most of their characteristic structures (Antoine et al., 1999). The flagellum arises from
the eukaryotic basal body in the base of an anterior invagination of the cell
membrane - the flagellar pocket - and has an eukaryotic axoneme (9+2) structure,
although a paraxial rod of paracrystalline structure is also present which accompanies
the axoneme along its entire length (Vickerman, 1974). The basal body has a
companion second basal body, in a centriolar construction (Vickerman, 1974). The
flagellum of trypanosomatids has the unique ability to form junctional complexes of
the desmosome or hemidesmosome type with the outer membrane of its own cell or
with other flagellates, or the substrate, notably the insect gut lining (Antoine et al.,
1999: Vickerman, 1974). The flagellar pocket is the only membrane portion capable
of fusion and thus of endo or exocytosis (Antoine et al., 1999). The kinetoplast as
seen by electron microscopy, is a network of circular DNA molecules (see 1.2.4.)
which is localised in the interior of the single mitochondrion near the base of the
flagellar pocket (Vickerman, 1974). The mitochondrion has a typical double
membrane structure with cristae on the inner membrane and is often found forming a
complex labyrinthic net with the endoplasmic reticulum (Vickerman, 1974). The Golgi
apparatus is readily recognisable, with its multivesicular bodies at its distal ends. A
pulsatile or contractile vacuole empties from this region into the flagellar pocket
(Vickerman, 1974). Other eukaryotic organelles such as lysosomes are present
(Antoine et al., 1999), but also a typical kinetoplastid organelle, the glycosome, which
is related to peroxisomes and glyoxysomes in high eukaryotes, with important
metabolic functions (Antoine et al., 1999). Another peculiar organelle type is the
acidocalcisome (Vercesi et al., 1994), also present in apicomplexan parasites, which
is very rich in cations (phosphates, Ca’*, Mg**, Na") (Docampo and Moreno, 1999;
LeFurgey et al., 1990) and membrane pumps (Docampo et al., 1995; Vercesi et al.,
1994). Its function is unknown but this organelle may regulate the Leishmania internal
pH (Docampo and Moreno, 1999), store Ca®" for signalling infective stages (Lu et al.,
1997) or store energy (Docampo and Moreno, 1999; Scott et al., 1997).

The Leishmania promastigote membrane is very rich in lipophosphoglycan

and a glycosyl-phosphatidylinositol (GPI) linked metalloenzyme, glycoprotein 63

38



(GP63), also known as major surface protease (msp), promastigote surface protease
or leishmanolysin (see 6.1.2.), both of which are very reduced or disappear in the
amastigote phase (Antoine et al., 1999). These molecules play important roles in the
life cycle of the parasite. Glycoinositol-phospholipids are present in both stages of the
parasite and may have a structural role or protect from the low pH in the
parasitophorous vacuole or hydrolases in either stage. Other membrane proteins
include ATPases (Meade et al., 1989) and those in the polymorphic families of M-
2/PSA-2 (Murray and Spithill, 1991; Murray et al., 1989) and protein B (Flinn et al.,
1994; Pimenta et al., 1994).

Cell division in Leishmania begins with replication of the flagellum (Antoine et
al., 1999; Vickerman, 1974). The kinetoplast divides simultaneously with the
mitochondrion and before the nucleus. Leishmania do not have classic mitosis
because they lack visible chromosomal condensation, although they have stable
chromosomes. The nucleus is enveloped in a microtubule net and elongates to divide
in two (Vickerman, 1974). It is not clear whether the chromosomes are attached to
microtubules or to the nuclear envelope (as in dinoflagellates). Meiosis is unknown as
are any sexual stages, although fusion of parasites has been observed (Lanotte and
Rioux, 1990) and hybrids have been identified (Belli et al., 1994, Delgado et al.,
1997; Dujardin et al., 1995a; Kelly et al., 1991).

1.2.2. Life cycle(s)

Leishmania are intracellular parasites of macrophages in a wide range of
mammalian hosts which are transmitted through the bite of insects of the genus
Phlebotomus or genus Lutzomyia. Highly motile promastigotes accumulate in the
foregut of the sandfly and are expelled during the insect's blood meal (Walters,
1993). In the mammal, promastigotes are phagocytosed by macrophages (Ashford
and Bates, 1999) or may differentiate into amastigotes (el Azzouni et al., 1998),
which are then phagocytosed. Low pH or temperature increase (34-36°C) were
shown to trigger amastigote-like differentiation (Bates, 1994; Pan et al., 1993). The
phagocytic vacuole becomes a parasitophorous vacuole (Antoine et al., 1998), where
amastigotes divide and eventually are released to infect other macrophages. Infected
macrophages can remain in the skin where they are eventually eliminated (most CL)
or amastigotes can be carried to internal organs (VL) or to the mucosae (MCL) where
they can remain until treatment or death of the host.

Sandflies may ingest infected macrophages with a blood meal. The

amastigotes are released and differentiate into procyclic promastigotes which are
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short, actively dividing and have low motility, and attach to the gut epithelial cells
(Killick Kendrick and Rioux, 1991). The insect often takes a sugar meal between two
consecutive blood meals which enables differentiation (metacyclogenesis) into
infective metacyclic promastigotes which are long, non-dividing, highly motile and
migrate to the mouth parts to start the cycle again.

The different morphological forms can not only be differentiated by shape and
behaviour, but also by surface antigen composition (Moody, 1993). Promastigotes
present a thick glycocalyx rich in GPIl-anchored glycoconjugates, which can be
divided into two classes: glycolipids and glycoproteins. The main glycolipid is a

lipophosphoglycan, but there are also glycosylinositol phospholipids (see 1.2.1.).

1.2.3. Evolutionary history of Leishmania
1.2.3.1. The kinetoplastids

Kinetoplastids are peculiar eukaryotes with characteristic features, such as a
kinetoplast, RNA editing, a glycosome, a nucleus with polycistronic transcripts. The
surface membrane, the cytoskeleton, the flagellar pocket are also characteristic in
kinetoplastids. They differ from cilliates in that they combine functional diversity with
morphological conservation (Vickerman, 1994).

It is accepted that kinetoplastids are related to free living euglenoids, but
opinions are divided as to the origin of parasitism (Vickerman, 1994). The group
includes monogenetic as well as digenetic parasites and hosts include fishes,
amphibians, mammals, reptiles and plants. Vectors are usually insects but leeches
transmit fish trypanosomes. It is far from clear whether kinetoplastids evolved with
insects and were accidentally transmitted to vertebrates, which became hosts, or first
evolved with vertebrates and secondarily acquired transmission through insects.
Evidence supports both hypotheses but knowledge of the biology of species non-
infective to man is poor. It is also highly likely that most kinetoplastid species have not
been found yet, let alone studied, especially free living species and in marine animals
and reptiles. In most phylogenetic trees of Kinetoplastida, parasitism either has arisen
independently in different lineages (Vickerman, 1994), or has been lost in others.

Kinetoplastids are metabolically very versatile and can use both amino acids
and sugars, thus facilitating adaption to new hosts. Different life cycles and different
hosts may mean that reconstruction of phylogenies based upon transmission data
can become very difficult with different evolution rates and (or) absence of co-
evolution.

Vectors and modes of transmission of the different groups are extremely

divergent and, although kinetoplastids may infect insects, development of vectorial
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capacity was probably acquired independently. Trypanosoma brucei and Leishmania
are both transmitted by Diptera but by sub-orders Brachycera and Nematocera,
respectively, and T. cruzi is transmitted by a different Order of insects (Hemiptera).
The most important human parasites within the Kinetoplastida, other than
Leishmania, are the trypanosomes, which seem to have had a common ancestor and
may have differentiated into T. brucei and T. cruzi clades during the split between
South America and Africa (Alvarez et al., 1996: Stevens and Gibson, 1999; Wright et
al., 1999). However, a trypanosome ‘aquatic clade’ has also been identified,
somewhat closer to the T. cruzi clade, in terms of genetic distance, and the
evolutionary relationships with the other two clades are obscure. In the most
comprehensive tree of the trypanosomatids obtained so far, a Leishmania / Crithidia /
Endotrypanum clade was evidenced (Stevens and Gibson, 1999). Definition of
relationships within this clade has been difficult and it is possible that the group

suffered a rapid radiation, making true phylogenies difficult to detect.

1.2.3.2. Leishmania

The evolutionary history of Leishmania seems to be connected with that of
strains classified as Endotrypanum, described as an intra-erythrocytic parasite (Shaw
and Bird, 1969). Some Leishmania species (L. colombiensis, L. deanei, L.
equatoriensis, L. herreni and L. hertigi) were found to be part of an Endotrypanum
clade (Cupolillo et al., 2000) and are not known to infect man, except L. colombiensis.
A redefinition of the Leishmania genus was proposed recently, with division into an
Euleishmania Section with true L. (Viannia) and L. (Leishmania) sub-genera and a
Paraleishmania Section with L. colombiensis, L. deanei, L. equatoriensis, L. herren,
L. hertigi and current laboratory strains under the genus Endotrypanum (Cupolillo et
al., 2000). The Endotrypanum clade, which has only been found in the NW, was very
close to the Euleishmania Section and the sub-genus Viannia, also only found in the
NW, is usually close to the root of the Leishmania clade. Therefore, a NW origin for
the Leishmania genus was proposed (Noyes, 1998b), although other alternatives,
such as a Paleartic (Kerr, 2000) and an African origin (Momen and Cupoalillo, 2000)
have also been defended.

OW Leishmania seem to have less genetic diversity, on the whole, than NW
Leishmania, which suggests that they may be of more recent origin. NW Leishmania
could have reached the OW through Beringia during the Miocene, perhaps
transported by infected critecid rodents which underwent a major radiation and
migration at that time (Noyes, 1998b). The most likely ancestor of OW species is the
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L. mexicana complex, which causes CL similar to that by L. major. Leishmania major
like strains have been identified in the Americas, although their origin is dubious.
Independently of their ultimate origin, most OW Leishmania species occur in
Northeast Africa (Sudan, Kenya, Ethiopia) or the Near / Middle East, where they may
have originated and from where they may have spread. These are regions where
humans and later agriculture may have first developed. Some Chinese L. donovani
and L. infantum are genetically divergent from those of other regions which could be
a local phenomenon enhanced by genetic isolation and new ecological niches or
those strains could be remnants from early OW colonists.

Some of the most intringuing Leishmania are the blood parasites of reptiles
which have been found exclusively in the OW. These parasites had been regarded
as subgenus L. (Sauroleishmania) but were classified more recently in a different
genus Sauroleishmania Ranque, 1973 (Killick-Kendrick et al,, 1986). In contrast,
phylogenetic analyses of Leishmania usually place the Sauroleishmania clade well
within the genus Leishmania (Croan et al., 1997; Noyes et al., 1997), which provides
an additional difficulty for the search of the origin of Leishmania. If Leishmania
originated in the NW, then, how to explain the frequent branching of Sauroleishmania
before the sub-genus Leishmania (including L. mexicana)? On the other hand, if
Leishmania originated in the OW, how to explain the greater genetic diversity in the
NW and the relationship with the NW specific Endotrypanum clade? Noyes (1998b)
suggested that burrow sharing between Leishmania infected rodents and reptiles
may have facilitated cross transmission by the sandfly co-inhabitants if the insects
were not specific feeders. Parasites might even have been initially transmitted
through direct blood contact, for example in fights, or by feeding on infected
sandflies. Those parasites which successfully had infected lizards would undergo
faster evolution than the mammalian relatives through different selection pressures in
a very different host. The faster evolution would explain the early branching patterns
obtained in some trees of the group by a long branch attraction effect, if they are
relatively recent. There is some evidence that the genetic divergence rates of
Sauroleishmania are higher than among other Leishmania (Croan et al., 1997).
Those parasites are transmitted by a different genus of sandflies, but the phylogeny
of the vector is only poorly understood. it has been found that mammalian
Leishmania can be infective to lizards (Noyes et al., 1997), thus supporting a close
relationship between Leishmania and Sauroleishmania. Furthermore, lizard
Leishmania were found to be capable of causing transient infections of mammals

(and humans) (Adler, 1964, Belova, 1971, Manson-Bahr, 1961 cited in Noyes et al.,
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1997). If Sauroleishmania are closer to OW Leishmania, then the genus may be
paraphyletic and Sauroleishmania need to be considered as a sub-genus of
Leishmania again.

Phylogenetic reconstruction of Leishmania is hampered by lack of knowledge
of their ecology and also by their diverse range of hosts. Higher molecular diversity
found in natural populations of a given Leishmania species was found to be related
with the higher number of sandfly vector(s) and / or animal reservoir(s) involved in the
transmission cycle of the parasites in a possible, although not strict, co-evolution
phenomenon (Cupolillo et al., 1998). Generation time is very difficult to determine as
the life cycles in the natural reservoirs (when known) remain to be fully elucidated. Ali
known Leishmania are transmitted by sandflies as far as it is known with infection
restricted to the digestive system, although excretion with urine has been
demonstrated (Sadlova and Volf, 1999). The importance of this finding is difficult to
balance at the momment, although it suggests a possible alternative means of

transmission (including vector to vector) without a blood feeding cycle.

1.2.4. Current taxonomy of Leishmania

The classification of Hausmann and Hulsmann (1996) includes Leishmania in
the Empire Eukaryota, Kingdom Mastigota, Subkingdom Dimastigota, Superphylum
Metakaryota, Phylum Euglenozoa, Subphylum Kinetoplastida, Class
Trypanosomatidae, Genus Leishmania Ross, 1903. However, most researchers still
use the classification by Levine et al. (1980), particularly below and at the level of
Order, which includes Leishmania in the Kingdom Protista Haeckel, 1866, Sub-
kingdom Protozoa (Goldfuss, 1817) Siebold, 1848, Phylum Sarcomastigophora
Honigberg & Balamuth, 1963, Sub-phylum Mastigophora Diesing, 1866, Class
Zoomastigophorae Calkins, 1909, Order Kinetoplastida (Honiberg, 1963) Vickerman,
1976, Sub-order Trypanosomatina Kent, 1880, Family Trypanosomatidae (Doflein,
1901) Grobben, 1905, Genus Leishmania Ross, 1903.

The classification of protozoa is not consensual and variations in the relative
categories of each group and the higher groups can vary among authors (Corliss,
1998). The protozoa are a very difficult group to work with because of the lack of
evident morphological structures and varied life styles. The long time elapsed since
major divisions have occurred makes it difficult to use general molecular clocks
because of the lack of homologies in many cases and the accumulation of mutations
beyond an optimal resolution level.

If higher levels of classification are difficult to establish, similarly, the species
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genus Leishmania

sub-genus Leishmania Viannia
complex L. donovani L. tropica L. major L. aethiopica L. mexicana L. hertigi unassigned L. braziliensis L. guyanensis L. naiffi  unassigned
species L. donovani L. tropica L. major L. aethiopica L. mexicana L. hertigi L. arabica L. braziliensis L. guyanensis L. naiffi L. lainsoni
L. infantum L. amazonensis L. deanei L. turanica L. peruviana L. panamensis L. colombiensis
(L. chagasi) L. venezuelensis L. gerbilli L. shawi L. equatoriensis
L. enrietti L. forattini
L. aristidesi
L. garnhami
possibly L. archibaldi L. killicki L. pifanoi

Figure 6 - Summary classification of the Leishmania (Rioux et al., 1990; Shaw, 1994; WHO, 1990). Many assignments are controversial and may

vary according to different authors.
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level is not any easier. The biological concept of species is impossible to apply to
asexual organisms, since phylogenetic trees obtained from molecular data are
probably often a collection of clonal lines. The clonal pattern can often be
complicated by occasional hybridisation and reticulate evolutionary trees are very
difficult to interpret if forced into dichotomous trees.

There are a number of major branches within Leishmania, which have been
classified as sub-genus, complexes of species, species, sub-species. The
nomenclature is far from stable. Although these branches are easy to identify with a
small number of strains per group, larger samples make trees much more difficult to
interpret and it is often apparent how close the most ancient strains are to each other,
even if they are from different ‘species’.

Other genera in the Trypanosomatidae are Crithidia, Leptomonas,
Herpetomonas, Blastocrithidia, Trypanosoma, Phytomonas and Endotrypanum. The
genus Sauroleishmania has been established for Leishmania like parasites found in
the blood of reptiles. Those parasites were initially classified as Leishmania sub-
genus Sauroleishmania but were judged as sufficiently different to belong to a
different genus. Molecular classifications, however, have placed some of the
Sauroleishmania species within the Leishmania group. A better understanding of the
reptile Leishmania is not possible with the limited number of isolated strains.

The genus Leishmania has been divided into two sub-genera, according to
the development in the insect gut (Lainson and Shaw, 1987); the Viannia include a
phase of division in the hindgut of the sandfly and the Leishmania are limited to the
foregut and midgut. This rather arbitrary division has, however, been confirmed by
molecular data. The Viannia subgenus is limited to the NW but the Leishmania sub-
genus is spread through the whole distribution of leishmaniasis.

In an attempt to rationalise the complex classification of Leishmania species,
they were assigned into complexes of species or strains which reflect monophyletic
groups with similar epidemiology and clinical presentation (Fig. 6). A number of
species remain unassigned.

Traditionally, Leishmania have been differentiated by allozyme (isoenzyme)
analysis and different phenotypes sharing certain profiles are named zymodemes.
The degree of genetic diversity within each species varies enormously; some are
extremely polymorphic and others are very conserved. This is a consequence of the
traditional designation of species according to geographical distribution, clinical
presentation, epidemiological characteristics. The limited number of enzymes chosen
for analysis and the system used do not allow full exploration of the extent of diversity

and enzyme based classifications are necessarily biased (see chapter 3).
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1.2.5. Genetics of Leishmania

Leishmania have two genomic pools: the nucleus and the kinetoplast, which
corresponds loosely with the classical mitochondrial genome of higher eukaryotes.

Viruses have been found and characterized in Leishmania, mostly in L.
braziliensis and L. guyanensis and also one in L. major 5-ASKH (Widmer and Dooley,
1995), but virus-like particles have been reported in L. hertigi (Molyneux, 1974). The
Leishmania viruses have ~ 5280 base pairs (bp) double stranded RNA within a
spherical capsid and seem to be close relatives of the yeast L-A/ScV virus.
Phylogenies of Leishmania infected strains and respective viruses suggested a long
association time between the two (Widmer and Dooley, 1995), but this hypothesis is

difficult to reconcile with present hypotheses for Leishmania evolution.

1.2.5.1. Nuclear genome

The nuclear genome is arranged as linear chromosomes that do not undergo
condensation. For this reason, study of the Leishmania chromosome organisation
was not possible until pulse-field gradient gel electrophoresis (PFGE) was developed.
This electrophoretic technique was applied initially to the smaller chromosomes of
yeast and revolutionised kinetoplastid genetics. The direction of the electrical field
during electrophoresis is changed at regular times thus allowing the separation of the
full length chromosome-sized DNA.

The Leishmania nuclear genome has a GC content of about 60% (Alvarez et
al., 1994) and contains 36 chromosomes (Wincker et al., 1996), of between 200 and
4000 kilo base pairs (kb) in length (Lighthall and Giannini, 1992). Leishmania seem to
be mainly diploid (Bastien et al., 1992; Cruz et al., 1991), although some strains might
be aneuploid because extensive size differences could be identified between some
homologous chromosomes. There may be extensive size differences between
homologous chromosome pairs of different species and karyotypes may be used to
distinguish between some species. Because of the size variability of Leishmania
chromosomes, they have to be identified by probe hybridisation and linkage studies
(Wincker et al., 1997). The assignment of specific markers to chromosomes
facilitates mapping of genes as part of the genome sequencing project. Telomeres
have been identified, and are the origin of much of the chromosome size variability
(Wincker et al., 1996), but centromeres have not been found.

Genes are often present in tandem arrays, or as multiple copies; gene
amplification was once thought of as being responsible for chromosome size

polymorphisms. Genes, so far, lack introns and muilticistronic transcription starts at a
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single 5’ promoter (Graham, 1995). Mature RNAs are generated by co-transcriptional
capping, through trans-splicing (Graham, 1995; Nilsen, 1994). Small capped non-
polyadenylated RNAs, consist of a 5' exon (Nilsen, 1994) (the spliced leader or mini-
exon) and a 3’ splice donor site, are produced and associate with each forming
messenger RNA (mRNA). The spliced leader is linked to the 5' end of the transcribed
region of the mRNA (Graham, 1995; Nilsen, 1994). This process caps the mature
MRNA, and polyadenylation is thought to be functionally coupled to trans-splicing
(Nilsen, 1994) during multicistronic transcript processing .

1.2.5.2. Kinetoplast genome

The kinetoplast genome is composed by a complex network of circular DNA.
In the Kinetoplastida there are approximately 20-50 maxicircles of 20 to 40kb and 5 x
10° - 10* minicircles (Simpson, 1987) of 0.5 to 2.9Kb, making up to 90% of the mass
of the kinetoplast (Shapiro and Englund, 1995). Maxicircles are the functional
equivalent of mitochondrial DNA of other eukaryotes (Shapiro and Englund, 1995).
They encode mitochondrial ribosomal RNA (rRNA) and proteins, most of them
metabolic enzymes, and have a variable region within the replication unit. Minicircles
have extremely variable sequences except for a region of 100 to 180 bp which
contains the origin of replication, the rest of the sequence encodes guide RNAs
(Shapiro and Englund, 1995). The organisation of the kinetoplast is complex with
each minicircle linked to three neighbouring minicircles in a tight disk shaped network.
Replication is done with the aid of two complexes of replication proteins which are
located at opposite edges of the disk. Minicircles are freed from the centre of the disk
and migrate to the edge where they are replicated and become attached to the disk
once again. Maxicircles are encased in the disk and replicate attached to it.
Otherwise, replication of both type of circles seems to be dependent on the same
initiation sequence and probably involves the same enzyme mechanism. Replication
of the kinetoplast network involves replication of the DNA to twice the initial number
of molecules and remodelling of the minicircle distribution within the structure,
followed by scission of the network and a second remodelling to create two separate
and fully organised kinetoplasts. There seems to be a strong selective pressure to
ensure that all classes of minicircles are transmitted to both daughter cells in most
kinetoplastids. Minicircles have an important role in maxicircle gene expression and
little variation is observed in restriction patterns after several culture subpassages of
Crithidia fasciculata and Sauroleishmania tarentolae. Kinetoplast DNA uniqueness

does not stop at the organisational level. Maxicircle transcripts undergo extensive
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RNA editing, with addition or deletion of uridine residues at sites specified by guide
RNAs synthesised from minicircles.

1.2.5.3. Genes

Leishmania have, as kinetoplastids, some characteristic genes which are not
present in other eukaryotes, like trypanothione reductase (Keithly, 1989: Shames et
al., 1986) and mini-exon (Comeau et al., 1986; De Lange et al., 1983: Nelson et al.,
1983). These are associated with unique metabolic and genetic functions,
respectively. Other genes have particular organisations, like the large sub-unit (LSU)
of the rRNA genes, which are present in several copies and separated by small
spacers (Campbell ef al., 1987; Spencer et al., 1987).

Most conserved genes across eukaryotes are also present in Leishmania,
including for glucose and amino acid metabolism, some of which have been used for
isoenzyme analysis. Future phylogenetic analysis may also take advantage of these

universal genes.

1.2.5.4. Population genetics

Leishmania population structure is thought and considered to be essentially
clonal (Tibayrenc and Ayala, 1991). The main arguments are the presence of over-
represented identical phenotypes, linkage desequilibrium and absence of
recombinant genotypes (Tibayrenc and Ayala, 1991; Tibayrenc et al., 1990). The first
two arguments apply to all Leishmania species, but some hybrids have been found
between L. major and L. arabica (Evans et al., 1987; Kelly et al., 1991), L. braziliensis
and L. guyanensis (Delgado et al., 1997), L. braziliensis and L. peruviana (Dujardin et
al., 1995a) and L. panamensis and L. braziliensis (Belli et al., 1994). In the isoenzyme
characterization of L. donovani sensu lato (s.l.) by LeBlancq and Peters, (1986) a
zymodeme (LON 50) is described which seems to be an ASAT hybrid between two
otherwise identical zymodemes (LON 46 and 48). Hybrid formation seems to be more
frequent in the Viannia subgenus, despite findings of mixed infections of other
Leishmania species. Mixed L. mexicana | L. braziliensis infections were found in a
sandfly (Barrios et al., 1994), and human patients (Hernandez Montes et al., 1998;
Silveira et al., 1984), as well as L. braziliensis and L. donovani (Oliveira Neto et al.,
1986b), in this case in different organs. A mixed L. donovani / L. major infection was
also identified in a human patient and in the same organ (spleen) (Mebrahtu et al.,
1991), and two different L. infantum zymodemes were found in the same organs in a

dog (Prationg ef al., 1989). No evidence of hybrid formation was found, however,
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even in sandfly experiments with L. major (Panton et al., 1991), despite previous
observation of promastigote fusion (Lanotte and Rioux, 1990). There is weak
evidence that recombination, if occurring, might be a vertebrate host event (Kreutzer
et al., 1994) with fusion of amastigotes followed by meiosis. However, the duplication
of DNA seen might be explained by duplication of DNA during mitosis.

It seems that Leishmania are capable of some form of recombination, even if
not in the true sexual sense, but that population structure is clonal. The model of
epidemic clonality (Maynard Smith et al., 1993) may apply to Leishmania (Tibayrenc,
1998). In this model, the species is essentially sexual with clonal propagation in
epidemic situations. Leishmania may be a special case of this model, capable of
recombination, but essentially with clonal spread. A few clones may be amplified
preferentially in epidemic situations and thus become dominant in the population.
Leishmania, as clonal organisms, are capable of colonizing new environments with a
single founder strain and initiating an epidemic. Furthermore, the likelihood of two
simultaneous infections may be small due to host / vector requirements, but also to
low transmission and incidence.

Studies on population structure of Leishmania are often biased because
samples are often not sympatric (Tibayrenc, 1998). Methods used to detect genetic
variability may not be sensitive enough to detect recombination events between

closely related strains, which are the most likely to be able to cross.

1.3. The Leishmania donovani complex
1.3.1. Definitions of the complex

The parasites responsible for VL are those of the L. donovani complex. It was
from VL cases that characteristic organisms were observed by Leishman and
Donovan in 1903 (Jarry, 1999). Laveran and Mesnil propose the name Piroplasma
donovani but later that year Ross creates the genus Leishmania for the new
organisms. Leishmania donovani was thus the first to be described and has become
the type species for the complex and for the genus Leishmania. In 1908 the parasite
responsible for Mediterranean VL is named L. infantum by Nicolle, for the disease
seems to be associated with infants. Castellani and Chalmers named the parasites
causing VL in Sudan as L. archibaldi in 1919, which was later defined as zymodeme
MON 82 (Rioux et al., 1990). After VL was identified in South America by Chagas, in
1911, the parasite was finally named L. chagasi by Cunha and Chagas in 1937.

As more fully discussed in the next chapter, it is rather difficult to define

species in Leishmania. Rioux et al. (1990) have used phenetic complexes of strains
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instead, that would apply to monophyletic and closely related groups of zymodemes
usually with particular epidemiological characteristics. The L. donovani complex,
defined in that way, would include the designated species of L. donovani, L.
infantum, L. chagasi and L. archibaldi. The taxonomic status of L. archibaldi is
uncertain, as it has only been defined as zymodeme MON 82 and no epidemiological
or clinical support has been found yet. The status of L. chagasi is also uncertain as
most authors propose synonymy with L. infantum.

Several phylogenetic analyses, using either isoenzymes (Le Blancq et al.
1986; Mebrahtu ef al. 1992; Rioux et al. 1990), DNA sequences (Piarroux et al.
1995), random amplified polymorphic DNA (RAPD) (Schonian et al. 1996), have
shown that the L. donovani complex is monophyletic. The named species have been
much more difficult to be identified as genetically monophyletic. Most analyses,
however, have only used a small and often unbalanced number of strains of each
group or used a limited number of characters which are difficult to apply for
phylogenetics, such as isoenzymes, or single RAPD primers. Thus, except for
isoenzyme typing, genetic diversity within the L. donovani complex has been poorly
studied, despite the need of strain markers for diagnostics and better understanding
of epidemiology.

More specifically, Indian VL does not seem to be identical to African VL.
Despite clinical similarities, humans are the reservoir in Indian VL, whilst the main
reservoir in Africa is essentially unknown. Furthermore, Indian L. donovani are
isoenzymatically very homogenous whilst African L. donovani are much more diverse
(Le Blancq et al. 1986; Rioux et al. 1990). Complicating the picture, Chinese strains
were found to have a specific zymodeme (MON 35), which was related to an African

rather than Indian zymodeme (Rioux et al., 1990).

1.3.2. Leishmania infantum and Leishmania chagasi - Twins, sisters or
cousins?
Cunha and Chagas in 1937 described the organism responsible for VL in the
NW and named it L. chagasi, but Cunha (1938) later suspected that this organism
and L. infantum were indistinguishable. Lainson and Shaw (1999), however, still
prefer to maintain the species status for the agent of VL in the NW, defended by
Travi et al. (1998) whilst other authors proposed synonymy (Grimaldi and Tesh, 1993,;
Rioux et al., 1990).
A few genetic and phenetic methods have been reported to distinguish

between L. infantum and L. chagasi, such as radiorespirometry (Decker-Jackson and
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Tang, 1982), monoclonal antibodies (Santoro et al., 1986), glycoconjugate ligands for
promastigote internalization into murine macrophages (Palatnik et a/., 1990) and DNA
fingerprinting (Ellis and Crampton, 1991), but all studied L. chagasi strains have
isoenzyme profiles similar to the reference L. infantum strain IPT-1 (Cupolillo et al.,
1994; Momen et al.,, 1987, Moreno et al., 1984), the most common L. infantum
zymodeme in Europe, and L. chagasi could not be distinguished from L. infantum by
most genetic methods, such as restriction fragment length polymorphism (RFLP)
(Beverley et al., 1987), DNA probes (van Eys et al., 1991) or RAPD (Schonian et al.,
1996).

The agent of visceral leishmaniasis in the Americas is L. chagasi, but all other
species of the L. donovani complex belong to the Old World, which indicates an
origin in the OW. By way of explanation, Lainson and Shaw propose that L. chagasi
has been present for a long time in the American continent. The finding of healthy
infected foxes (Silveira et al., 1982) in the New Word, the existence of other New
World reservoir hosts, such as sloths (Travi et al., 1994), adaptation of the parasite to
at least two vectors in the New World and wide geographical range suggest an
ancient association (Lainson et al., 1987), estimated at 2-3 million years (My) ago
with the arrival of wild canids in the New World. However, L. infantum was also
estimated to have diverged from L. donovani (Moreno et al., 1984) 2My ago, and
most studies, showed reduced diversity between L. infantum and L. chagasi,

suggesting that, on the contrary, separation was quite recent.

1.4. Identification and phylogenies

At this point, it is necessary to define concepts and terminology. Taxonomy is
the science of classification, which is the construction of taxonomic groups.
Identification is the act of assigning an organism to an already established group.

Phylogeny is the evolutionary history of organisms.

1.4.1. Traditional methods of identification and phylogenetic analysis of

Leishmania
Before the advent of DNA technology, criteria used to characterize and

classify Leishmania can be divided in three main groups: clinical and biological,

immunological and biochemical.
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1.4.1.1. Clinical and biological criteria

Since identification and isolation of L. donovani in 1903, and until the decade
of 1950, other Leishmania species were predominantly named and classified
according to geographic and clinical criteria (Prationg and Lanotte, 1999). Thus, e.g.
the names L. aethiopica, L. mexicana, L. braziliensis, were assigned, but also L.
infantum, which was applied for mainly infantile kala-azar. Organisms isolated would
be classified by the clinicians according to pathological presentation. It has, however,
been recognized since that different species may produce similar clinical
presentations and vice versa.

Although higher categories of protozoa have quite distinct morphologies,
closely related species are often very similar and Leishmania are no exception.
Despite morphological variation within the life cycle, Leishmania species are virtually
indistinguishable morphologically. Only L. major and L. braziliensis have been
distinguished by size from, respectively, L. fropica and L. mexicana. Even electron
microscopy could not define species specific morphological differences, although
microtubules have been used for differenciation (Pratlong et al. 1999).

As with bacteria, some researchers tried to characterize Leishmania using
metabolic characteristics and growth rate. Unfortunately, Leishmania do not grow well
in defined medium and require blood or serum, thus it was difficult to use metabolism
as a character. Lainson and Shaw (1972) were able to distinguish between the faster
growth of L. mexicana and the slower growth of L. braziliensis in Novy, McNeal and
Nicolle (NNN) medium.

Characterization by means of animal infection criteria has been done by
tropism and speed of development by Lainson and Shaw (1972) in the New World
and Pratlong et al. (1986) in the Old World.

Lainson and Shaw (1979) were able to divide the genus Leishmania into two
sub-genera by development in the vector gut: species of the L. braziliensis complex
are also present in the posterior gut, which came to define the sub-genus Viannia, all

other species belong to the sub-genus Leishmania.

1.4.1.2. Immunological criteria
A test using direct agglutination with live parasites (Noguchi-Adler) was able to
distinguish between Leishmania species complexes but standardization was difficult
to accomplish (Le Fichoux et al., 1999). Schnur et al. (1972) used the excreted factor
(phosphoglycans released by promastigotes and amastigotes during in vitro growth)

for characterization. Phosphoglycans precipitate in presence of homologous rabbit
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antiserum and are discriminated by Ouchterlony double diffusion. This technique
differentiates between the main Leishmania species complexes. In 1981, a
monoclonal antibody method was developed (McMahon Pratt and David, 1981) and
differentiated between Leishmania species and even sub-species, but remained

restricted to a few laboratories (Le Fichoux et al., 1999).

1.4.1.3. Biochemical criteria

An heir to metabolic characterization, a technique, based on consumption of
C labelled amino acids and hydrocarbon molecules and named radiorespirometry,
was developed by Decker-Jackson et al. (1977). Although a degree of correlation
was found between metabolic profiles and clinical type, and it was claimed that
radiorespirometry could distinguish between L. infantum and L. chagasi,
characterization was not exact and it is technically demanding. Radiorespirometry
never became adopted for identification purposes.

Lectins, proteins which are capable of specific recognition of sugars, were
used in an agglutination test to distinguish between Old World Leishmania species
(Schottelius, 1982) and even OW from NW species if enough lectins were used
(Pratlong et al., 1999). Many results were not convincing and lectin agglutination
requires rigorous experimental conditions; it was also abandoned.

A biochemical technique which proved to be of enormous value, not only in
Leishmania, but in many other organisms, is isoenzyme electrophoresis analysis
(IEA). IEA was first used by Gardener et al. (1974) for Leishmania taxonomy. The
electrophoretic mobility of malate dehydrogenase (MDH) differentiated between
Leishmania groups, and many other enzymes were subsequently included. IEA is
now the reference method for Leishmania identification and taxonomy, because of
the adoption of standardization, and because it combines both specificity and stability
of electromorphs with a high degree of intra-specific polymorphisms. IEA is amenable
to typing by the enzyme profile, and to numerical taxonomy methods and cladistics,
and thus suitable for phylogenetic studies. IEA was used in the present work and is
described more fully in the introduction to Chapter 3.

Very recently, a method has been developed to identify the repeating
phosphosaccharide units of Leishmania lipophosphoglycans using electrospray
mass-spectrometry (Wilson et al., 1999), which was used to differentiate L. mexicana
from L. major. This approach is suitable for quick-typing of lipophosphoglycan repeats
and was shown to detect alterations in repeat side chains caused by: culturing L.

major promastigotes in the presence of L-fucose and in vitro metacyclogenesis of L.
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major promastigotes. The authors anticipate that the method will be applicable to

small samples of cultured field isolates or genetically-manipulated strains.

1.4.2. Molecular methods of identification and phylogenetic analysis

The first DNA based phylogenetic studies of Leishmania relied on the degree
of cross-hybridization between genomic DNA of different species to extrapolate the
degree of relatedness. With the discovery of DNA endonucleases (see introduction
for Chapter 5) DNA hybridization was taken a step further to comparison of DNA
fragments with specific probes. Band polymorphisms generated in this manner were
called restriction fragment length polymorphisms (RFLPs) in what is called
fingerprinting (Beverley et al,, 1984; el Hassan et al., 1995; Ghalib et al., 1992;
Guizani et al, 1994; Hu et al, 1992: Lu and Hu, 1990; Macedo et al., 1992
Massamba and Mutinga, 1992; Mendoza Leon et al., 1995; Oskam et al., 1998:
Pascale et al., 1992; Ramirez and Guevara, 1987; van Eys et al., 1991; van Eys et
al., 1989). RFLP have been used for classification as well as for identification. Simple
probe hybridization to genomic DNA has been a tool for sensitive diagnosis
(Agatsuma, 1992; Barrios et al., 1994; Benavides ef al., 1993 Blackwell, 1992;
Briones et al., 1992; Esseghir et al., 1993; Howard et al., 1991; Hu et al., 1992;
Laskay et al., 1991; Lu and Hu, 1990; Maingon et al., 1993: Massamba and Mutinga,
1992; Singh, 1997; Wilson, 1995). Applicability, in terms of specificity, resolution and
sensitivity, of RFLP or fingerprinting to taxonomic groups depends on the probe used.
However, the RFLP method is not very flexible because it is dependent on the probe
used and only detects variation in the size of fragments harbouring conserved
sequences.

In a variation of the method, but without restriction, it was possible to study
chromosomes and their gene organization. As mentioned before (see 1.2.5.1.) PFGE
is used to separate and thus visualize Leishmania chromosomes. By use of probes,
homologous chromosomes can be identified (Wincker et al.,, 1997) and karyotypic
analysis has been used for comparison between Leishmania strains and species
(Dujardin et al., 1995b; Dujardin et al., 1995c; Giannini et al., 1986; Soto et al., 1995).

With PCR, it is possible to amplify unstable / more polymorphic regions using
conserved flanking regions for primer hybridization, such as intergenic regions
(Cupolillo et al., 1995; Eisenberger and Jaffe, 1999; Hassan et al., 1993), kinetoplast
DNA (Breniere et al., 1999), or satellite DNA (Ravel et al., 1995; Rossi et al., 1994,
Russell et al.,, 1999). PCR methods, in their many experimental modifications, are
suitable for studying different aspects of genomes and can be applied to different

aspects of taxonomy. Band size polymorphisms can be generated by variation in
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number of repeated nucleotides, such as mini or microsatellites (Ravel et al., 1995;
Rossi et al., 1994; Russell et al., 1999), or by random hybridization of primers within
the genome (Banuls et al., 1999a; Banuls et al., 1999b: Bhattacharyya et al., 1993;
Eisenberger and Jaffe, 1999; Garcia et al., 1998, Gomes et al., 1995; Maingon et al.,
1993, Motazedian ef al., 1996; Noyes et al., 1996; Oskam et al., 1998; Schonian et
al., 1996; Singh, 1997: Welsh and McClelland, 1990: Williams et al., 1990), as in
RAPD (Williams et al., 1990) or arbitrarily primed - PCR (AP-PCR) (Welsh and
McClelland, 1990). Amplified products can be characterized with probes (Breniere et
al., 1999, Degrave et al., 1994; Guevara et al., 1992; Maingon et al., 1993: Qiao et
al., 1995; Rodgers et al., 1990: Rodriguez et al., 1994: Wilson, 1995), and detected
by radioactivity, chemioluminescence, or be linked to an ELISA (PCR- solution
hybridization enzyme-linked immunoassay, PCR-SHELA) (Qiao et al, 1995).
Amplification products can be further characterized by restriction analysis (PCR-
RFLP) (Singh, 1997; Victoir et al., 1998). Multiplex PCR can be used with or without
nested-PCR to generate differently sized products in the same reaction (Belli et al.,
1998; Harris et al., 1998).

A wide range of other techniques has been developed, which could be applied
in PCR based approaches to Leishmania taxonomy. Separation of fragments in
denaturing conditions (Stothard et al, 1997) by denaturing gradient gel
electrophoresis (DGGE, Cariello et al., 1988), single stranded conformational
polymorphism (SSCP, Orita et al., 1989), temperature gradient gel electrophoresis
(TGGE, Riesner et al., 1989), which enables distinction between different sequences
with identical lengths. Specific amplification of restriction products, by amplified
fragment length polymorphism (AFLP) (Vos et al., 1995). Single nucleotide
polymorphisms can be detected in PCR reactions by molecular beacons (Marras et
al., 1999; Tyagi et al., 1998; Tyagi and Kramer, 1996), which are hair pin probes that
fluoresce upon specific hybridization, or by TagMan technology (Heid et al., 1996;
Holloway et al., 1999) (probes that fluoresce when a chelator is released from the
annealed probe by the DNA polymerase in a PCR reaction. Micro or mini
oligonucleotide arrays (Chetverin and Kramer, 1993; Ramsay, 1998) can be used in
fast DNA sequencing (Chetverin and Kramer, 1993), to detect mutations (Ravine,
1999) or to study phylogenetic relationships (Hacia et al., 1998). The number of new
techniques is increasing and mostly driving towards higher processivity, lower cost
and applicability to a wider range of problems, although many may never become

established.

55



The most powerful technique for phylogenetic analysis is DNA sequencing
(see introduction to Chapter 6), which greatly benefited from the development of
PCR. DNA sequencing is invaluable for detailed analysis of genetic diversity and,

thanks to ever more cheap and easy methods, may even be used for identification.

1.4.3. Phylogenetic reconstruction

The first classifications of Leishmania were of the Linnean type, based on a
small number of mostly extrinsic characters, which by exclusion would characterize
taxonomic groups at any level. Categories were essentially applied for convenience
of arrangement. Lainson and Shaw (1987) proposed the most complete classification
of the genus.

When it was recognized that all living organisms are linked by descent from
common ancestors, in other words, that species evolve from others, it became
evident that classifications should be based on evolutionary relationships rather than
similarities or convenience for the scientist. It thus became necessary to devise
methods for establishing degrees of relationship and speciation events.

Initially, evolutionary classifications were dependent on the expertise of the
scientists. Expert knowledge, based on years of studying organisms, frequently only
morphological characters, was necessary for classifications. Frequently, experts
would disagree, and a more scientific and reliable measure for evolutionary
relationships became necessary.

Numerical taxonomy (Sokal and Sneath, 1963), assumed that calculating
distances from a large number of characters, pooled and without hierarchy, would
provide a reliable measure of how related organisms were, without any evolutionary
hypothesis. Resulting classifications are called Adansonian or phenetic, for they are
based upon phenetic characters. This method became more practical thanks to the
development of computational facilites. The use of numerical taxonomy with
Leishmania was applied to biochemical, such as isoenzyme profiles, and now also
molecular characters, DNA sequences, RFLPs and RAPDs. Demes or identical
profiles represent operational taxonomic units (OTUs) and strains can be thus
identified.

Almost at the same time, critics claimed that evolution can only be deciphered
by analysis of shared derived homologous characters (synapomorphisms) and thus
only cladistic classifications (Hennig, 1965), based on clades or monophyletic groups
or organisms are true. Although cladistics seems a more realistic methodology,
choice of adequate characters (often few) and distinction of homologies from

homoplasies is often still a matter of the researcher’s judgement.
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Traditional characters on which to base phylogenies were replaced by protein
and enzyme electrophoresis and later by DNA methods, which probe the very core of
evolutionary change. The several methods that are or were used to produce
phylogenies and classifications have already been described in the section above.

Depending on the methodology and concepts used, several models were
devised for determining phylogenies. Broadly, the methods can be divided into
distance methods, which are essentially phenetic, character methods, like parsimony,
which are cladistic in nature, and maximum likelihood. This separation of methods is
not straightforward, however, because given enough data, parsimony becomes
almost phenetic in the sense that contradictory information has to be weighted and
phenetic methodology can produce effectively cladistic trees because true phenetic
similarity implies evolutionary relatedness.

1.4.4. Methods for construction of phylogenies

Character based methods produce phylogenetic trees through search or
optimality criteria (Page and Holmes, 1998) with explicit functions to relate tree and
data (or model of evolution). The quality of the tree is thus evaluated. The foremost
search methods are maximum likelihood and maximum parsimony. Both methods
perform better with small numbers of taxa, and a limitation is the required computing
time, most notably for maximum likelihood. Maximum likelihood produces a tree that
makes the data the most probable evolutionary outcome (Page and Holmes, 1998). It
is thus a probabilistic model (Weir, 1996) which assumes an evolutionary model. The
model assumes that changes are more likely along long branches and so, branch
lengths are important (Weir, 1996). All data are used in this method. Maximum
parsimony searches for trees with minimum total lengths and can thus produce
several alternative trees. Only informative sites are used (Weir, 1996) and parsimony
relies on few assumptions (Page and Holmes, 1998), namely: minimum total length of
tree and maximum simiiarity between taxa. Because branch lengths are not
important, parsimony is sensitive to the long branch attraction phenomenon (Page
and Holmes, 1998; Weir, 1996): lineages in which more evolutionary change
occurred are placed nearer to the root. This method performs better with more data
and small change. There are a number of algorithms for maximum parsimony search.
Wagner (Farris, 1970; Kluge and Farris, 1969) assumes reversiblility of character
states. Trees can thus be rooted at any node without change in tree length (Weir,
1996). Dollo parsimony (Farris, 1977) weights probabilities of reversion and is thus

the method of choice for restriction fragments. Polymorphism parsimony assumes
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retention of polymorphisms and Camin-Sokal (1965) considers that change to
ancestral states is irreversible (Avise, 1994).

Distance methods use a measure of similarity on which the quality of the
resulting tree is dependent (Weir, 1996). These are clustering methods, which
produce a single tree, and are fast but results can sometimes depend on order of
addition of taxa (Page and Holmes, 1998). The unweighted pair-group method with
arithmetic mean (UPGMA) (Sneath & Sokal, 1973) produces a rooted tree because
an equal rate of evolution (molecular clock) is assumed for all lineages (Avise, 1994:
Page and Holmes, 1998; Weir, 1996). Despite these assumptions it was found to
perform well (Avise, 1994). The neighbour-joining method (Saitou and Nei, 1987) is
the most used and produces an unrooted tree by determining the closest pairs to
minimize the length of the tree (Weir, 1996). The resulting tree is correct for purely
additive data (Weir, 1996) and performs as the minimum evolution method (a search
method for distance data) (Page and Holmes, 1998) if with unequal rates of evolution
(Avise, 1994). Another method is Fitch and Margoliash (1967), an additive approach
which uses a weighted least squares algorithm (Weir, 1996) and produces an
unrooted tree. The optimal tree is searched for by percent standard deviation. It
performs better than UPGMA if rates of change are unequal in different lineages.

Distance methods assume that distances are metric (Page and Holmes,
1998), or:

1. are not negative

2. are symmetric (the distance between taxa a and b is the same as b and a)

3. have triangle inequality (the distance between a and c is smaller than the sum of
the distance between a and b and between b and c)

4. are distinct (or that a is not identical to b).

Distances must also be ultrametric, or

5. the two largest distances must be equal, and thus must arise through an equal rate
of evolution.

Finally, distances must be additive, or

6. the sum of the distance between a and b and between ¢ and d, must be smaller or
equal to the sum of the distances between a and ¢ and between b and d, or the sum
of the distances between a and d and between b and c.

One way of evaluating compliance with ultrametric requirements is to compare
the difference between the distances calculated from the tree and the observed
distances. This is done by a measure of cophenetic correlation.

To correctly measure genetic distance a few assumptions are made (Page
and Holmes, 1998):
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» all nucleotide sites change independently,

e substitution rate is constant,

e base composition is at equilibrium,

* probabilities of substitutions are the same for all sites at all times.

These assumptions are often violated by genetic data. For example, regions
coding for stems in rRNA genes are strongly dependent on the complementary strand
(Wheeler et al., 1988). The possible mutable sites made available by selection may
be so low, that even fast evolving sequences can show less divergence than slower
ones (Page and Holmes, 1998). In most organisms the distribution of mutation rates
follows a Gamma distribution with o < 1, and thus exhibits a L shaped curve, with only
a small number of sites exhibiting a high number of polymorphisms, and the large
majority with only a few polymorphisms. In saturated sequences, mutations can often
reverse characters to ancestral states, thus confusing phylogenies. Substitution
saturation can be detected by comparison of branch lengths from parsimony
analyses with pairwise distances.

Except for maximum likelihood, most methods do not intrinsically provide a
measure of the reliability of the tree. There are, however, resampling approaches
which allow evaluation of the dependence of the tree on the sampled data (Weir,
1996). The most used method is bootstrapping, which produces a new data set by
randomly selecting characters from the original data set (Weir, 1996). Resampling
can include duplication of some characters. Another, less used method, Jacknife,
produces new data sets with (n-1) characters. Usually 100 or 1000 new data sets are
used to produce the same number of alternative trees from which a majority rule
consensus tree can be produced, which will include the most common nodes of all
other trees. It can be said that a branch which is present in 95% of the trees can be
trusted within a 5% confidence interval. Examples of other consensus trees are strict
consensus, which only includes shared groups or splits, and Adam’s consensus,
which maintains the groups found in all trees (Page and Holmes, 1998).

To choose an adequate method for reconstructing pylogenies, several
properties have to be considered (Page and Holmes, 1998), particularly when
analysing large data sets. Efficiency, or how fast a method is, is very important.
UPGMA is very fast, and among search criteria methods, parsimony is much faster
than likelihood, and can thus search more trees. The power of the method is a
measure of how many data are necessary to produce a reliable result and
consistency evaluates if a method will converge on the right tree if more data are
added. A robust method is less sensitive to violation if it indicates whether

assumptions are being violated.
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Maximum likelihood is often considered, but not consensually (Steel and
Penny, 2000), the best method because it combines a cladistic approach with branch
lengths, it is a very consistent method and the only method that intrinsically produces
a measure of falsifiability, or violations of assumptions. Being such a thorough
method, maximum likelihood is also very slow and not at all efficient with large data

sets. Neighbour-joining can be just as good in practice but more efficient.

1.5. Objectives
The present thesis describes the work done to achieve the following
objectives:
o to study the genetic diversity in the L. donovani complex;
e to determine whether L. chagasi and L. infantum are valid species and their
position in the L. donovani complex;
e to determine if the antigen GP63 is conserved between L. infantum and L.
chagasi strains;

o to characterise genetically Portuguese strains of L. infantum.
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2. Materials and Methods

2.1. Parasites
2.1.1. Leishmania strains
A group of strains representing the L. donovani complex and belonging to its
four named species was assembled for assessment of taxonomic relationships (Fig. 7).
A collection of reference strains (RS) of L. major, L. tropica and L. aethiopica and DNA

from New World Leishmania species, provided by Debbie Nolder were used as
outgroups (Table II).

TS o ; Key to symbols:
N L. chagasi a
i ) L. infantum o : i
ol L. donovanis.). e
L. donovani s.s. e

Figure 7 - Countries of origin of the Leishmania donovani complex strains. Some L.

donovani strains (shown in open circles) were isolated in countries endemic for L.

infantum.

A group of 13 L. chagasi strains was assembled (Table lll), nine from the
LSHTM cryobank and four from the Belem cryobank, Brazil. Two strains were isolated
in Panama from human patients and the remainder from Brazil. Three strains were
isolated from naturally infected dogs in Teresina, an important Brazilian focus where
VL is epidemic, and four strains (Table lll) were from Amazonian foxes, Cerdocyon
thous. The remainder were chosen at random from the LSHTM cryobank,

and
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included canine and human cases. Dr. Harry Noyes provided DNA from 20 L. chagasi

strains from VL or CL human patients of Honduras, three of which were used here

125 Km
North Vector:
IMT 169
) IMT 170
Atlantic IMT 171
IMT172

.
Canine:

IMT 152
Ocean IMT 160
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IMT 128 IMT 124
IMT 177

Figure 8 - Map of Portugal, showing the main endemic areas and the origin of the

strains used in this project.

A total of 31 L. infantum strains were selected (Table V). Twenty two were
isolated in Portugal, and nine in other countries (China, Cyprus, France, Italy, Malta,
Spain, Sudan, Tunisia). A CL isolate from Cyprus and a MON 34 from China were
included as representatives of the diversity within L. infantum. Representative strains
from the three main Portuguese foci (North, Lisbon and Algarve) and also from the
Evora region that has recently been indicated as being another focus (Semiao

Santos et al., 1995), Fig. 8, were chosen. Four canine isolates and four vector
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isolates were from the North (Table IV), two of the latter were zymodeme MON 24,
The human isolate was from the Lisbon region, and of the six canine isolates, three
were from the second endemic area of Setubal, the origin of the two fox isolates
(Table IV). The Algarve region contributed two canine isolates (Table V).

L. donovani strains (Table V) were selected from the extent of the distribution
(Fig. 7) and retrieved from the LSHTM cryobank. The Portuguese strain, IMT 180,
was isolated from a HIV patient and is thought to have been imported. The other
Portuguese strain had been isolated from Sergentomyia minuta, usually considered
as vector of lizard Leishmania. Two different stabilates were taken from the
cryopreserved stock and transported to the UK at different times. One strain of L.
archibaldi (Gebre 1) was also included. At least one strain (Gilani) had been typed as
L. infantum in the Montpellier system, because of its aspartate aminotransferase

(ASAT, or GOT) profile, but as L. donovani s.I. by Le Blancq (1986).

2.1.2. Cultures

Ampoules with cryopreserved Leishmania cultures from the LSHTM cryobank
were retrieved from liquid nitrogen and quickly thawed in water, then immediately
transferred to 0.4ml of proline balanced salts solution (PBSS) and inoculated into
Novy, McNeal and Nicolle (NNN) blood slopes (Evans et al., 1989): 1.4% w/v purified
agar (Oxoid), 0.9% weight / volume (w/v) sodium chloride (NaCl), in distilled water,
autoclaved and supplemented with 10% v/v defibrinated rabbit blood. Strains from
other cryobanks were immediately transferred upon arrival to fresh NNN slopes with
PBSS overlay: 5.37mM potassium chloride (KCl), 167uM di-sodium hydrogen
phosphate dodecahydrate (Na;HPO4.12H;,0), 441uM potassium dihydrogen
phosphate (KH,PO4), 1.26mM calcium chloride dihydrate (CaCl,.2H,0), 0.41mM
magnesium sulphate (MgSQ,4.7H,0), 0.49mM magnesium chloride (MgCl,.6H,0),
136.89mM sodium chloride (NaCl), 8.69mM L-proline, 2.82uM phenol red, in distilled
water and adjusted to pH 7.2 with solid Tris (Tris (hydroxymethyl) aminomethane).
The parasites were initially subcultured in a small amount of liquid overlay (~0.5ml)
and, if actively growing, enough medium was added to cover the slope. Actively
growing (3" or 4™ day) rich cultures were inoculated in a proportion of 1:5, inoculum
to fresh medium into suplemented a-Minimum Essential Medium (S-a-MEM) (Kar et
al., 1990): minimum essential medium (MEM) Eagle, alpha modification powder for 1
litre, 0.11% wi/v sodium hydrogen carbonate (NaHCQ3), pH 7.5, 4mM L-glutamine,
16.6mM D-glucose, 11.3uM folic acid, 8.2pM D-biotin, 7.7uM haemin, 38.4mM
HEPES (N-[2-hydroxyethyl]piperazine-N’-[Z-ethanesulforic acid, sodium salt) and

0.296mM adenine in distilled water and 10% volume / volume (v/v) (to page 69)
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Table |l - Qutgroup Leishmania strains.

Species Zymodeme Cryobank Techniques
WHO code
LON MON of origin
L. aethiopica
MHOM/ET/1970/L.96 27 - L 3, 4im
OoLD MHOM/ET/1972/L100 * - 14 L 3
WORLD L. major 4
MHOM/SU/1973/5-ASKH* 1 L 1, 3, 4im
L. tropica
MHOM/SU/1974/K27* 12 60 L 3, 4im
L. amazonensis
MHOM/BR/1973/M2269*t - - L -
L. braziliensis
MHOM/BR/1984/LTB300*+ 200" - L -
MHOM/BR/1975/M2903*t 211" 43 L -
NEW L. guyanensis
MHOM/BR/1975/M4147*% - - L -
WORLD L. lainsoni
MHOM/BR/1981/M6426*t - - L -
L. mexicana
MHOM/BZ/1982/BEL21*t - - L -
L. panamensis
MHOM/PA/1971/LS94*t - - L -
L. peruviana
MHOM/PE/1984/LC39*t - - L -

*_ WHO reference strains. T - DNA only.  assigned by Deborah Nolder (PhD
thesis). WHO codes: CSSS/cc/YYIN host(C- class; SSS - species)/country/Year/

strain Name. Host: M - mammal; HOM - Homo sapiens. Country: BR: Brazil, ET:

Ethiopia; PA: Panama; PE: Peru; SU: former Soviet Union. Cryobank: L - LSHTM.

Techniques applied in this work: 1 - Lmet9; 3 - RAPD; 4 - RFLP (i - ITS, m - mini-

exon).
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Table Il - L. chagasi strains

Number WHO code

Patho- Zymodeme Cryobank Techniques
logy LON MON of origin

C MHOM/BR/1974/PP75° VL 49 1 L 1,2,3,4
C3 MCAN/BR/1984/C0910 CVL - - L 2a, 3,4m
C6 MCAN/BR/1989/DOG124 CVL - - L 2,3, 4l
C7 MCAN/BR/1989/DOG136 CVL - - L 1,3
C8 MCAN/BR/1989/DOG118 CVL - - L , 3
C13 MCER/BR/1981/M6445 VL - - B 1,2, 4
C9 MCER/BR/1983/M7633 VL - - B 3
C12 MCER/BR/1989/M12084 VL - - B 3c
C11 MCER/BR/1989/M12085 VL - - B 3

C5 MHOM/BR/1984/M8270 - - - L

C4 MHOM/BR/1985/M9702 - - - L 3
C16 MHOM/HN/1988/HN1151  CL - - LV 4i
C17 MHOM/HN/1988/HN1221  CL - - LV 4
C20 MHOM/HN/1993/HN336t  CL - - LV 4

C2 MHOM/PA/1978/WR285 - - - L 1,2,3,4
C1 MHOM/PA/1980/WR341 - - - L 1

* _ WHO reference strain. T - DNA only. WHO codes: CSSS/cc/YY/N : host(C- class;

SSS - species)/country/Year/strain Name. Host: | - insect: M - mammal; HOM - Homo

sapiens, CAN - Canis familiaris;. CER - Cerdocyon thous, LUT - Lutzomyia

sp.Country: BR: Brazil; HN: Honduras; PA: Panama. Cryobank: L - LSHTM; B -

Belem: LV - Liverpool. Techniques applied in this work: 1 - isoenzyme analysis; 2 -

mspC3' end sequence (2a - partial sequences); 3 - RAPD; 4 - RFLP (i - ITS, g - gp63,

m - mini-exon).
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Table IV - L. infantum strains.

Number WHO code Zymodeme Cryobank Region Techniques
'LON MON of origin *

| MHOM/TU/1980/IPT-1" 49 1 L - 1,2,3 4

123 [ARI/PT/1989/IMT 169 - 1 M North 3

124 IARI/PT/1989/IMT 170 - 1 M North 2a, 3

125 IARI/PT/1989/IMT 171 - 24 M North 1, 2, 3, 4iml

126 IARI/PT/1989/IMT 172 - 24 M North 1, 2a, 3, 4icl

13 MCAN/FR/1982/Pharoah 49 - L - 1, 2a, 3, 4

11 MCAN/PT/1981/L82 49 - L Lisbon 1, 2a, 3, 4

(10 MCAN/PT/1981/IMT 89 49 - L Lisbon 1,3

(11 MCAN/PT/1982/IMT 124 - - L Lisbon 1,3

18 MCAN/PT/1987/IMT 150 - 1 L Lisbon 3

113 MCAN/PT/1993/IMT 193 - 1 I Algarve 3

19 MCAN/PT/1987/IMT 152 - 1 L North 1,3

12 MCAN/PT/1988/Rebelo 2 - - L Other 1,23, 3

120 MCAN/PT/1989/IMT 160 - 1 M North 3

122 MCAN/PT/1989/IMT 161 - 1 M North 3

121 MCAN/PT/1989/IMT 162 - 1 M North 3

127 MCAN/PT/1991/IMT 177 - 1 M Lisbon 3

129 MCAN/PT/1993/IMT 191 - 1 M Lisbon 3

18 MCAN/PT/1994/IMT 204 - 1 I Algarve 3

19 MCAN/PT/1994/IMT 205 - 1 I Other 3

130 MCAN/PT/1994/IMT 195 - 1 M Other 1,3

116 MHOM/CN/1980/Strain A - 34 L - 1,2,3,4

17 MHOM/CY/1963/L53 - - L - 1,2a,3,4

14 MHOM/ES/1987/Lombardi - - L - 1, 2a, 3, 4imi

15 MHOM/FR/1978/LEM75 - 1 L - 23,3

115 MHOM/IT/1981/Alessandro - 1 L - 1, 2a

131 MHOM/MT/1985/Buck 49 78 L - 1, 2, 3, 4icl

16 MHOM/PT/1982/IMT 104 - 1 L Lisbon 1,3, 4c

133 MHOM/SD/0000/CAM 1 - - C - 2, dicl

112 MVUL/PT/1983/IMT 108 49 - L Lisbon 3

17 MVUL/PT/1984/IMPT 128 - 1 L Lisbon 3

* - WHO reference strain. ** - Portuguese regions of isolation (see Figure 2). WHO
codes: CSSS/cc/YY/N : host (C- class; SSS - species)/country/Year/strain Name.
Host: | - insect; M - mammal; HOM - Homo sapiens; CAN - Canis familians; VUL -
Vulpes vulpes; ARI - Phlebotomus anasi. Country: CN: China; CY: Cyprus; FR:
France; IT: Italy; MT: Malta; PT: Portugal, SP: Spain; TU: Tunisia. Cryobank: C -
Cambridge; L - LSHTM; | - IHMT; M - Montpellier. Techniques applied in this work: 1 -
Lmet9; 2 - mspC3' end sequence (2a - partial sequences); 3 - RAPD; 4 - RFLP (i -
ITS, g - gp63, M - mini-exon).
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Table V - L. donovani strains (according to the classification used by the LSHTM).

Number WHO code Zymodeme Cryobank Techniques
LON MON of origin
D MHOM/IN/1980/DD8 't 41 2 L 1,23, 4
D28 MHOM/ET/1972/Gebre 1** 50 82 L 1,2, 3, 4
D21 IMAR/KE/1962/LRC-L57 44 37 L 1,2,3,4
D35 ISER/PT/1993/IMT 188 - - l, Algarve 1,2, 3 4
D22 MARV/SD/1962/LLRC-L64 48 - L .3, 4
D23 MCAN/IQ/1981/SUKKAR 2 43 - L 1,2a, 3, 4
D24 MCAN/IT/1976/DORA 50 - L 1,23, 4
D25 MCAN/KE/0000/D2 45 - L 1,2, 3,4
D26 MHOM/CN/0000/Wangjie-1 - 35 L 1, 3,
D13 MHOM/ET/0000/Hussen 42 - L 1,2,3,4
D12 MHOM/ET/0000/Ayele 5 52 - L 1,2, 3,4
D27 MHOM/ET/0000/Ayele8 56 - L 1,2,3,4
D1 MHOM/ET/1967/HU3 (LV9)’ 46 18 L 1,2, 3,4
D14 MHOM/ET/1982/Bekele 42 - L 1,3, 4
D15 MHOM/ET/1984/Addis 142 - - L 1,3, 4
D29 MHOM/ET/1984/Addis 164 - 83 L 1,2,3, 4
D4 MHOM/IN/1982/Patna 1t 41 - L 1,2,3,4
D6 MHOM/IN/1977/Chowd-Xt - - L 1,2,3, 4
D7 MHOM/IN/1979/STL1-79TF - - L 1,2,3,4
D8 MHOM/IN/1982/Nandi 1t 41 - L 1,3, 4
D30 MHOM/KE/0000/Neal-R1 56 - L 1,3, 4
D2 MHOM/KE/1967/MRC(L)3 - - L 1,2, 3 4
D3 MHOM/KE/1973/MRC74 51 - L 1,2, 3,4
D31 MHOM/KE/1975/Mutinga H9 56 32 L 1,2,3, 4
D16 MHOM/KE/1980/Ndandu 4A 44 - L 1,2, 3,4
D17 MHOM/LB/1984/Salti 4 - - L 1,2,3, 4
D34 MHOM/PT/1992/IMT 180 - 18 I 1,2,3, 4
D32 MHOM/SA/1981/Jeddah KA 42 31 L 1,3, 4
D11 MHOM/SA/1987/VL6 - - L 1,3, 4
D9 MHOM/SA/1987/VL.23 - - L 1,3, 4
D10 MHOM/SA/1987/VL29 - - L 1,2,3, 4
D18 MHOM/SD/0000/Khartoum 46 18 L 1,2,3, 4
D33 MHOM/SD/1982/GILANI 48 30 L 1,2,3, 4
D19 MHOM/SD/1985/A22 - - L 1,2,3,4
D20 MHOM/SD/1987/UGX-marrow - - L 1,3, 4
D5 MMER/IR/1996/MESH-17 50 - IRAN 1,3, 4
* _\WHO reference strain.  ** - L. archibaldi. t - L. donovani s.s.

WHO codes: CSSS/cc/YY/N : host(C- class; SSS - species)/country/Year/strain
Name. Host: | - insect: M - mammal; HOM - Homo sapiens, CAN - Canis familiaris,
MAR - Phlebotomus martini; ARV - Arvicanthis sp, MER - Meriones sp; SER -
Sergentomyia minuta. Country: CN - China; ET: Ethiopia; IN: India; IR - Iran; 1Q - Iraq;
IT: Italy; KE: Kenya; LB- Lebanon; PT. Portugal, SA - Saudi Arabia; SD - Sudan.

(continues next page).
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(continuation of Table V) Cryobank: L - LSHTM; | - IHMT, Lisbon, Portugal; M -
Laboratoire d’Ecologie Medicale et Pathologie Parasitaire, Montpellier; B - Instituto
Evandro Chagas, Belem, Brazil, LV - Liverpool School of Tropical Medicine and
Hygiene, UK. Techniques applied in this work: 1 - Lmet9; 2 - mspC3' end sequence

(2a - partial sequences); 3 - RAPD; 4 - RFLP (c - gp63 ITG/CS, i - ITS, | - gp63 ITGIL,
m - mini-exon).
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sterile heat sterile heat inactivated foetal calf serum, 50mg/l gentamicin. Cultures
were subcultured into increasing volumes of liquid medium (at 1:5 or 1:10, inoculum

to fresh medium) until enough parasites (10°-10"/ml) were obtained for DNA or
enzyme extraction.

2.2. Enzyme extraction

Enzyme extractions from Leishmania were done as described by Evans et al.
(1989). Parasites from 120ml late logarithmic phase cultures (usually day 5), were
collected and centrifuged (700g for 20 min at 4°C) and the pellet was sequentially
washed with 10ml and 1.0ml cold PBSS. An equal volume of 2mM stabiliser solution
[2mM ethylenediaminetetraacetic acid disodium salt (EDTA), 2mM, e-aminocaproic
acid, 2mM dithiothreitol in distilled water] was added to the pellet. The suspension
was treated with three cycles of freezing in liquid nitrogen and thawing, after which it
was centrifuged at high speed (13000g) for 30 min at 4°C. The supernatant was

collected, beaded in approximately 10ul droplets and stored in liquid nitrogen until
needed.

2.3. DNA extraction

Extraction of genomic DNA was adapted from Kelly (1993). Parasites from a
15ml mid-logarithmic phase bulk culture were collected by centrifugation (700g for 20
min at 4°C) and washed three times in ice-cold sterile phosphate buffer saline (PBS),
pH 7.2 (136.89mM sodium chloride (NaCl), 2.68mM potassium chloride (KCI), 12mM
di-sodium hydrogen phosphate (Na,HPO,), 1.76mM potassium di-hydrogen
phosphate (KH,PQ,), in distilled water). The pellet was resuspended in sterile 1m! cell
lysis buffer (CLB; 0.125M NaCl, 0.125M EDTA, 2.5% wi/v sodium dodecyl phosphate
(SDS), 0.125M Tris, in distilled water, pH 8.0) with 100pg/ml proteinase K, and
incubated at 37°C overnight or 56°C for 3 hours.

The DNA was freed from contaminants in the lysate by sequential extraction
with equal volumes of phenol, phenol/chloroform (1:1) and chloroform, each followed
by a centrifugation step (6000g for 10min at 4°C). The DNA was precipitated from the
aqueous phase with 2.5 volumes of ice cold absolute ethanol, transferred into 200-
500ul of sterile distilled water using a glass pipette loop, and left to dissolve. The
DNA extract was incubated at 37°C for 1 hour with 5ng of heat-treated ribonuclease
A (Boehringer Mannheim). All DNA samples were stored at 4°C.

DNA concentration, purity and integrity were estimated by visualization on an
agarose gel: 1% agarose in tris acetate EDTA (TAE) buffer (40mM tris, 1.142% v/v
glacial acetic acid, 10% w/v 10mM EDTA (pH8.0) in distilled water) with 1ug/l
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ethidium bromide (EtBr). The DNA concentration and purity were determined by
spectrophotometry in a GeneQuant RNA/DNA Calculator (Pharmacia). The DNA
sample was diluted in sterile distilled water to a total volume of 500ul and
absorbances at 260 and 280nm were measured. The DNA concentration was
calculated according to the formula:
DNA concentration = OD2gonm * Df x 50,

where OD is optical density with OD = 1 = S0ug/ml double stranded DNA, and Df is
the dilution factor.

The DNA was used only in a purity higher than 80%, or 2.0 + 0.2 ODasgnm:280mm

ratio. Aliquots were diluted to a final concentration of 25ug/ml in sterile distilled water
and stored at 4°C.

2.4. Isoenzyme analysis

Leishmania strains were characterized by isoenzyme electrophoretic analysis
(IEA), as described by Godfrey and Kilgour (1976) and Harris and Hopkinson (1976),
in thin-layer starch-gel. A set of eight enzyme systems that had been found to be
polymorphic within the L. donovani complex was used: alanine aminotransferase
(ALAT, EC 2.6.1.2), aspartate aminotransferase (ASAT, EC 2.6.1.1), glucose-
phosphate isomerase (GPI, EC 5.3.1.9), malate dehydrogenase (MDH, EC 1.1.1.37),
mannosephosphate isomerase (MPI, EC 5.3.1.8), nucleoside hydrolase using inosine
as substrate (NH, EC 3.2.2.1), proline iminopeptidase (PEPD, EC 3.4.11.5) and 6-
phosphogluconate dehydrogenase (decarboxylating) (6PGD, EC 1.1.1.44). The
general conditions used are presented in Tables VI and VIl and were adapted from
Evans et al. (1984), LeBlancqg (1986) and Miles et al. (1980a; 1980b),

Tank buffers were prepared the day before and kept at 4°C until use. Starch
gels were prepared with 40 ml of diluted buffer (Table VI) and 120% of the amount of
starch recommended by the manufacturer, heated until boiling and degassed. The
molten gel was then poured onto the plate, spread uniformly and left to cool on a
cooling plate. The enzyme extract beads were left to thaw on ice. Cotton thread
pieces (number 2) with 0.4 to 0.5mm were soaked in the enzyme extracts and then
loaded into the set gel, at 1/3 of the gel plate length. The gel plate was placed in the
tank, onto a cooling plate at 4°C, had the centre covered with a glass plate and buffer
soaked sponge wicks connected each extremity with the respective buffer filled
electrode chamber. The apparatus was held in place by a large glass plate and
electrophoresis was run for pre-determined times for each enzyme. For agar
development, all gel covers were removed and a frame was placed on the gel, to

include the threads and the area where the enzyme bands were expected to be.
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Reagents for development (Table VII) were mixed with liquid agar (kept at 56°C),
immediately poured onto the gel and left to set. The gel plate was then transferred to
a 37°C oven and kept in the dark. For UV development, 1M filter paper, cut to size,
was soaked in the mixed developer components and placed over the gel. Upon

appearance of bands the gels were photographed using polaroid film, under white or
ultra violet (UV) light.

Table VI - Running conditions for thin layer starch-gel electrophoresis of Leishmania.

Enzyme Tank buffer Gel dilution Time (hours) Voltage (V)

ALAT 1 1:9 2 300
ASAT 1 1:9 2 300
GPI 2 1:9 2.5 300
MDH1 3 2:1 4 120
MDH2 4 1:9 4 250
MPI 5 1:4 2.5 300
NHi 6 1:9 2.5 300
6PGD 2 1:9 25 300
PEP-D 7 1.7 2.5 300

* . 1.0M MgCl,; ** - 0.1M MgCl,; *** - 0.5MnCl,. Tank buffers, in distilled water: 1 -
0.15M Tris, 7.5mM citric acid, pH 9.0; 2 - 0.1M Tris, 0.1M maleic acid, 1mM
magnesium acetate, 1 mM EDTA, pH 7.4 3 - 0.2M Tris, 1mM EDTA, 47.6mM
trisodium citrate, pH 9.5; 4 - 0.25M Tris, 0.09M citric acid, pH 7.0; 5- 0.1M Tris, 0.01M
sodium hydrogen phosphate, pH 7.6; 6 - 0.2M Tris, citric acid to pH 8.9; 7 - 0.15M
Tris, 0.1 sodium dihydrogen phosphate, pH 8.2.
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Table VI - Staining conditions for thin layer starch-gel electrophoresis of Leishmania.

Enzyme  Distil. Developer Activators/ Co-enzymes Linking enzymes Substrates Visualization method
Water (ml)  Buffer inhibitors
ALAT - A 6.0ml - 5.0mg NADH 6.0ul LDH (EC 1.1.27) 12.0mg o-ketoglutaric acid UV, Filter paper
80.0mg L- alanine
ASAT - A 6.0ml - 5.0mg NADH 6.0pl MDH(EC 1.1.1.37) 12.0mg o-ketoglutaric acid UV, Filter paper
20.0mg L-aspartic acid
GPI - B 13.4ml 1.0ml NADP 10ul G6PDH (1000U/ml) 1.6mi D-fructose-6-phosphate 1.0ml MTT (6mg/ml) ; 1.0mlI PMS
*  04ml  (10.0mg/ml) (disodium salt) (10mg/ml) (5mg/ml) ; 18.4ml Agar (1.2%)
MDH1 3.0 B 8.0ml - 1.2mI NAD - 2.0ml 1M L-malate, pH 7.0 1.0ml MTT; 1.0ml PMS; Agar 16.2ml
(10.0mg/ml)
MDH2 3.0 B 8.0ml - 1.2mi NAD - 2.0ml 1M L-malate, pH 7.0 1.0m! MTT; 1.0mil PMS; 16.2ml Agar
(10.0mg/mi)
MPI - C 12.0ml * 2.0ml 0.6mlI NADP 30U GPI! (EC 5.3.1.9) type Il 10mg mannose-6-phosphate 1.0ml MTT; 1.0mi PMS; 16.8ml Agar
(10.0mg/ml) 20U G6PDH (EC 1.1.1.49)
NHi - D 16.0mi - - 50ul xanthine oxidase 20mg inosine 1.0mI MTT; 1.0ml PMS; 18.1ml Agar
6PGD - 12.0ml ** 2.0ml 0.6ml NADP - 1.0ml 6-phosphate gluconate 1.0ml MTT; 1.0ml PMS; 17.6m| Agar
(10.0mg/ml) (10mg/ml)
PEP-D - C 140ml ** 0.4ml - 2.0mg peroxidase 20.0mg L-leucyl L-proline 20mg 3-amino-9-ethyl carbazole in

(EC1.11.1.7)
2.0mg snake venom

2ml ethanol; 18.2ml Agar

ST1.0M MgCl: * - 0.1M MgClz; *** - 0.5MnCl,. Development buffers: A - 0.08M Na;HPO,, 0.02M NaH,PO,,pH 7.4; B - 0.3M Tris pH 8.0; C - 0.3M

Tris pH 7.4; D - 0.3M Tris pH 7.0.
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2.5. Random amplification of polymorphic DNA

A set of 28 decanucleotide primers (Table VIll) was assayed for random
amplification of polymorphic DNA (RAPD) with the reference strains (L. donovani
complex and L. major) and a selection of L. infantum and L. chagasi strains. Primers
A1-A8, H1-H6 and L1-L6 were obtained from R&D products (Abingdon, UK) and
primers D1-D10 were a kind gift from Dr. Douglas Barker (Cambridge University).
Seven primers produced a very poor band pattern or none and were discarded (Table
VIlIl). The remaining 21 primers were selected to be used with a large set of strains, of
which ten primers (A2, A4, A5, AB, D3, D8, D10, H1, H4, L2), randomly chosen, were
used for RAPD analyses. The analysis to study the relationship between L. infantum
and L. chagasi, included three outgroup strains (L. aethiopica, L. major and L.
tropica) with a total of 33 strains; 17 L. infantum, 11 L. chagasi and five L. donovani.
The analysis of Portuguese L. infantum strains included Old World Leishmania and L.
chagasi reference strains and 22 Portuguese L. infantum strains. The analysis of L.
donovani included again Old World Leishmania reference strains, the L. infantum
zymodeme variants and all L. donovani strains;46 strains in total.

In order to assess the influence of DNA concentration on RAPDs, 1, 10, 25
and 50 ng of genomic DNA of the L. donovani complex reference strains was

amplified by RAPD with each of the ten primers used for analysis.

Table VIII - Primers used for RAPD amplification.
NAME SEQUENCE (5'-3') NAME SEQUENCE (5'-3")

A1 tcacgatgc a D9 AGGTGACCGT
A2 GAAACG GGTG D10 GTTGCGATCC
A3 AGT CAGCCAC L1 CGGCCCCTGT
A4 AAT CGG GCTG L2 CGGACGTCGC
A5 CTCACGTAGG L3 CCCGCCATCT
A6 CTGATCGCAG L4 GTG GATGCGA
D1 CAGGCCTTC L5 AAGAGCCCGT
D2 agg ggtcttc L6 aag gatcag a

D3 TTCCGAACCC H1 CGCGCCCGCT
D4 GGTCCCTGAC H2 ttc ccc cge t

D5 GGG TAACGCC H3 catcccectg

D6 CAATCGCCGT H4 TGC CGAGCTG
D7 TCGGCGATAG H5 tag gat cag a

D8 AGC CAGCGAA H6 cacatgcttc

In bold are the primers randomly chosen for the analysis, from among those

producing good quality amplification profiles, in lower case the non-working primers.
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The RAPD procedure was based on the technique first described by Williams
et al. (1990) and conditions are described in Annex 1. To ensure homogeneity of the
PCR mix throughout the reactions at one time, enough reaction mixture (without
DNA) was prepared for the total number of tubes for each RAPD assay (samples and
one negative control). Aliquots of the mixture were distributed to the reaction tubes
and covered with mineral oil. The DNA was then added through the mineral oil. All
strains in each set were amplified at the same time in the same block.

RAPD products were separated by agarose gel electrophoresis: 1.2% agarose
in TAE buffer, with 1mg/l EtBr. The RAPD products were run against 1kb molecular
weight markers (LKB Pharmacia) in a large gel (25cm x 20cm) using a 42 tooth comb,
with 400ml of 1.2% agarose, at 100mV, or in a medium size gel (15cmx12.5cm) using
a 20 tooth comb in separate batches, with 100ml of the same gel. The gels were
photographed under UV light, initially, in a video gel developing system (Mitsubishi),
and later, in a UVP, Inc. (USA) white/UV transilluminator photographic system
coupled to programme GRAB-IT, Annotation Grabber 2.51 (Synoptics Ltd, UK).
Photographs were printed in a Sony Digital Graphics printer.

2.6. Preparatory PCR amplifications
2.6.1. 3’ end of the constitutive major surface protease gene (MspC3)

The 3' end of the constitutive major surface protease (mspC3), between
nucleotides 924 and 2238 of L. chagasi mspC (GenBank M80671) was amplified by
PCR. Three pairs of primers were designed from an alignment of L. chagasi mspC,
mspL and mspS1 and L. donovani gp63 genes (GenBank, M80671, M80672,
M80669 and M60048, respectively). MspC specific primers were designed from
conserved regions, as judged by comparison with the L. donovani sequence, and
each pair to amplify 500-650bp. Primers were designed for low repeat content, a GC
content of at least 30%, similar melting points (around 60°C), higher GC content in
the 3' codon and thymidine residues in the 3' end were avoided. Primers were a
Perkin-Elmer product and are shown in Table IX.

Each pair of primers was initally used to amplify three separate regions (A, B,
C), but primers C4F and C8R were later used to amplify the full mspC3 (Fig. 9), which
improved the sequence quality and reduced the number of sequences needed for
each strain. Each 20ul amplification reaction was optimized for yield and specificity.

The optimized PCR conditions are detailed in Annex 1.
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Table IX - Primers used to amplify within mspC and expected product sizes.

Region Expected size Primer Primer sequence (5'-3")
(bp) name
A 652 C4F  tgt aaa acg acg gcc agt cac gtc ggc ttc agt gga

C6R  cag gaa aca gct atg acc aaa aac cct gct gcc aac

B 502 C6F  cca gtc gtc tga tgg tcg
C7R  ctg ctg gag ctg tcg gag

C 542 C11F gcg cgg cag tat gga cta
C8R  tgg acc gga gaa gac gag
mspC3 1351 C4F (as above)
C8R (as above)
R - reverse; F - forward. C4F and C6R had, respectively, the -21M13 and M13Rev
primers added (italics).

2.6.2. Gp63 intergenic regions: ITG/CS and ITG/L

Primers for amplification of intergenic regions within the gp63 gene array
(Table X, Fig. 10) were designed either to be specific for the intergenic region located
upstream of mspC (gp63 ITG/CS) or to amplify the intergenic region downstream of
any gp63 gene in the array (gp63 ITG), and were designed in the same way as the
mspC3 primers (above). MspC specific primer (C9F) was chosen from areas with low
or no evidence of variation between sequences for gp63 published for L. chagasi and
L donovani. Because gp63 ITG/L is multicopy, the msp generic primers (C10F and
C1R) were designed with added restriction sites, compatible with the multiple cloning
site of M13 type plasmids, in order to be able to differentiate different alleles by
cloning if necessary. The optimized PCR mixture compositions and temperature cycle
conditions for amplification of all intergenic regions described are given in Annex 1.

DNA from Leishmania reference strains (Table l) and L. infantum, L. chagasi
and L. donovani strains was used in a PCR assay to verify the specificity of the gp63

ITG PCRs. Both undiluted (100-500ng) and 25ng of genomic DNA were used.
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Figure 9 - Amplified regions within the sequence of the L. chagasi mspC (GenBank M80671).

Table X - Primers designed for PCR amplification of gp63 ITGs.

Region Expected size (kb) Name Sequence (5'-3’) Site (nt) of 3' end
in GenBank M80671
gp63 ITG/L 17+20(/ 4.5 C10F ggg aag ctt acg tac agc gtg cag gtg 1697
+
C1R ggg ccc ggg cga cag cag cga tga ctg 210
gp63 ITG/CS ~1.6
+
COF ggc tcc cga cgt gag tta 2055

Hind\ll, Xmal - sequences for restriction with the named enzymes (bold). R - reverse; F - forward.
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Figure 10 - Schematic representation of amplified gp63/ITG regions. Not drawn to

scale. Large and small rectangles are, respectively, coding and non-coding regions. //
represent and unknown number of of mspL unit repeats. The purple line represents an
ITG/CS product generated by the ITG primers used to amplify ITG/L, whilst the red

lines are the required ITG/L product. The blue line is the ITG/CS product generated
from the specific ITG/CS PCR.
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Figure 11 - Schematic representation of PCR amplification and primers within the ITS
region (not drawn to scale). SSU - small sub-unit; LSU - large sub-unit; ITS - internal

transcribed spacer.

2.6.3. Internal transcribed spacer (ITS)

For amplification of the ribosomal internal transcribed spacer (ITS), the same
primers were used as described by Cupolillo et al. (1995):

IR1 -5 GCT GTA GGT GAA CCT GCA GCA GCT GGATCATT 3' Forward

IR2 - 5 GCG GGT AGT CCT GCC AAA CAC TCA GGT CTG & Reverse

The initial PCR conditions (Annex 1, ITSa) were derived from Stothard et al.
(1996) but later modified (ITSb): MgCl, was reduced to 3mM and primers to 30nM. The
expected PCR products for OW Leishmania were between 1.1 and 1.0kb.

Four internal primers to the ITS PCR products (Fig. 11) were designed, from an
alignment with all trypanosomatid ribosomal DNA sequences available, in order to
sequence the variable intergenic regions in the Leishmania ITS:

ITS1F 5 GCAGCTGGATCATTTTCC?3 Forward
ITSIR 5 AGC TTC TCC CAT GCG CCG 3 Reverse
ITS2F 5 GTC ATC CCC GTG CAT GCC 3 Forward
ITS2R 5 AAC ACT CAG GTC TGT AAAC 3 Reverse
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2.6.4. Mini-exon

The primers used for amplification of the mini-exon repeat unit (Figure 12),
were adapted from Fernandes et al. (1994). Primers are located in the conserved
exon region, which is only 39nt, and thus were partially complementary in their 5'end.

ME1 - 5' CAA TAT AGT ACA GAAACT G 3 Reverse
ME2-5 TTC TGT ACT TTATTG GTA 3' Forward

PCR amplification of the mini-exon repeat unit (ME/unit) was done according
to Ramos et al. (1996) (Annex 1) with expected products for Old World Leishmania
between 400 and 460bp. In order to improve the PCR product and reduce the
amount of primer used, protocols were modified to include only 30 cycles, and to use

1/4 of the primer concentration with twice the amount of DNA, respectively .

Transcribed .\006
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Figure 12 - Schematic representation of the mini-exon PCR amplification. The
primers are indicated by arrows. Because primers are partially complementary,
multiple unit repeats (2n, 3n) were also expected in addition to the single unit

amplification (n).

2.6.5. Preparation of PCR products

The gp63 ITG/L band (1.6 kb) was separated and purified from the other ITG
PCR products, the mini-exon unit fragment was purified from multiple amplification
fragments and all other PCR products were also purified to eliminate spurious non-
specific background and primers. After separation in 0.8% agarose gels the required
PCR fragments were excised and purified using a QIAEX II™" gel purification Kit
(Qiagen), according to the manufacturer’s instructions. The purified DNA was kept in
10mM Tris-HCI buffer, pH 8.5.

Different concentrations of DNA template were sequenced initially to assess
the best sequencing concentration. The following sequence reactions used 50 to
100ng DNA as calculated, or extrapolated, by comparing with a working reference in
a 1% agarose gel. The template DNA concentrations for RFLP analysis were

adjusted to roughly 0.1pg/ul amongst all strains by visual estimation in an agarose

gel.
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2.7. Restriction fragment length polymorphisms (RFLPs)

The ITS, mini-exon and both gp63 ITG PCR products were analysed through
enzyme restriction. Restriction enzymes (Table Xl), with a minimum of two restriction
sites in each target sequence, were chosen either by trial and error with six Old World
WHO reference strains (ITS and gp63 ITGs) and/or by screening published
sequences (gp63 ITGs and mini-exon). Restriction reactions were of 10ul, with
approximately 0.5ug of DNA and 5U of restriction enzyme in the recommended buffer
and were incubated overnight at 37°C (or at 65°C for Tagl, 60°C for BstUl).
Restriction products were separated at 250V for 2h in 6% acrylamide, 3.5% cross
linking gels, for good resolution of smaller DNA fragments: 40ml 10.5%
volume/volume (v/v) 2% liquid bisacrylamide, 20% v/v 30% liquid acrylamide
(National Diagnostics) in TBE (Tris-borate-EDTA buffer: 89mM Tris-borate, 2mM
EDTA), filtered and degassed, and then were added, per plate, 70ul TEMED (NNN'N’
tetramethylethylenediamine), 260ul 10% weight/volume (w/v) ammonium persulphate.
The gels were silver stained (Stothard ef al., 1998). Briefly, the gels were twice fixed
for 3min in 10% v/v ethanol, 0.5% acetic acid; stained for 10min in 0.1% w/v silver
nitrate (AgNQOj3); washed twice in distilled water; developed in 1.5% w/v sodium
hydroxide (NaOH), 0.01% w/v sodium borohydrate (NaBH,), 0.015% v/v
formaldehyde, until bands were seen and neutralized for 10min in 0.75% w/v sodium
carbonate (Na,COjs). All incubations were done with 300ml of each solution with
gentle agitation. The gels were stored in plastic bags and photographed under white

light with the UVP system (see 2.5).

Table XI - Restriction enzymes used for analysis of PCR amplification products.

Enzyme  Recognition site ITS Gp63 ITGs  Mini-exon
Acil C.CGC - - A
Alul AG.CT A A -

BstUI CG.CG A A A
Cfol GCGC A A A
Haelll GG.CC A A A
Msel T.TAA A - -
Mspl C.CGG - A A
Sau3Al .GATC - - -
Scrfl CC.NGG - - A
Rsal GT.AC - A -
Taq! T.CGA A A -
EcoRl G.AATTC A - -
Sphi GCATG.C A - -

A - enzyme applied. The dot represents the cleavage site for each enzyme.
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2.8. DNA sequencing

Purified mspC PCR products, obtained from selected strains, were
sequenced. A partial gp63 ITG/L sequence was also obtained for L. chagasi PP75.

Direct sequencing, of either full mspC3 or partial PCR products (A, B, C), was
done with ABI PRISM™ Dye Terminator Cycle Sequencing Ready Reaction kits
(Perkin-Elmer, UK) or AmpliTag® DNA Polymerase, FS Thermo-sequenase Dye
Terminator Cycle Sequencing Premix kits (Amersham, Life Science) according to the
manufacturers’ instructions, using the PCR primers or internal primers. The cycling
protocol was, 25 cycles at 96°C for 30s, 50°C for 15s, 60°C for 240s. The sequencing
products were purified by ethanol precipitation with 3M sodium acetate pH 4.6,
according to the sequencing kit manufacturer's instructions, and separated in an ABI
Prism™ 377 DNA Sequencer (Perkin-Elmer, UK). Consensus sequences were
obtained from forward and reverse reactions aligned in ABI Prism Sequence
Navigator™ Version 1.0.1 (Perkin-Elmer, UK) using Clustal V (Higgins et al. 1992).

2.9. Phylogenetic analysis
2.9.1. Analysis of band patterns

Isoenzyme bands were scored for analysis as presence / absence data, but
also coded as nucleotide residues or amino acids in, respectively, DNA or protein
sequence data. Within the L. donovani complex, only A and T letters were used to
minimize the influence of base composition on the results. Algorithms which did not
categorize bases or aminoacids were used when possible.

Electrophoretic bands from isoenzyme analysis, RAPD or RFLP were scored
for presence (1) or absence (0), except RFLP fragments larger than 900 bp for which
resolution was poorer. Bands that were too faint or judged inconsistent and strains
with poor RAPD amplification profiles were ignored. Data matrices of each individual
RAPD primer or each PCR-RFLP were analysed separately, or as pooled data, with
packages SYN-TAX-pc 5.0 (Podani, 1993) or PHYLIP (Felsenstein, 1993).

Dendrograms were built from a Jaccard distance matrix {\1[1-a/(a+b+c)], in
which a is a double presence and b and ¢ are presence in one taxa and absence in
the other} using single linkage and unweighted pair group method with arithmetic
averages (UPGMA, SYN-TAX), neighbour-joining and Fitch-Margoliash (PHYLIP)
clustering algorithms. In some cases minimum spanning trees were superimposed on
principal coordinates distributions. Cophenetic correlation was used to verify the fit of
tree derived distances (SYN-TAX) to observed pairwise distance matrix. The

cophenetic correlation coefficient ranges from 0-1, in which 1 is the perfect fit.
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PHYLIP analyses - neighbour-joining and UPGMA (NEIGHBOR), Fitch-Margoliash
(FITCH), Wagner and Camin-Sokal parsimony (MIX), polymorphism and Dollo
(DOLLOP) parsimonies - were performed using taxa jumbling and global
rearrangements. Parsimony bootstrap analyses were done for 100 replications to
estimate robustness of lineage divergence. Consensus trees were obtained by
majority rule consensus (CONSENSE).

2.9.2. Analysis of mspC3 DNA sequences

The sequences of L. donovani complex mspC3, and the putative homologues
L. major gp63-6 and L. mexicana gp63-C1, from GenBank (respectively AF039721
and X64394), in a total of 1083, bases were aligned by Clustal V (Higgins et al. 1992)
and were used to infer phylogenies using programmes within the PHYLIP package
(Felsenstein, 1993). Dendrograms were produced from sequence alignment data
using maximum parsimony (DNAPARS) and maximum likelihood methods (DNAML),
and from a distance matrix (corrected nucleotide divergence using Kimura-2-
parameter model; DNADIST) using neighbour-joining and Fitch-Margoliash least
squares methods. Bootstrap analyses were done, except for the maximum likelihood

method, based upon 1000 or 100 replicate data sets.
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3. Isoenzyme Characterization

3.1. Introduction
3.1.1. Isoenzyme analysis

The ultimate phenotypic characters are proteins, responsible for morphology
and metabolism, and which are direct products of genes although they may be
subject to post translational modifications. Proteins thus reflect DNA sequence and
composition, even though phenotype may vary with environmental factors and with
cell differentiation.

Protein electrophoresis allows distinction between different proteins (allelic
products) mainly by electrical charge but also by size or conformation (Avise, 1994).
Not all proteins are amenable to analysis; most membrane proteins cannot easily be
analysed by electrophoresis because of hydrophobic regions. Proteins can be
visualised with a general protein detection strain, but only those that are abundant will
be easily identified (May, 1992). Proteins present in small amounts and those which
cannot be identified by size alone require specific identification techniques.
Monoclonal antibodies designed to conserved regions can be used to identify the
desired protein (eg. by western-blotting). Most enzymes, most notably metabolic
enzymes, are soluble and catalyze specific reactions which can be used for direct
identification on an electrophoretic gel.

Specific enzyme staining can be achieved through production of coloured or
fluorescent products either of the reaction itself for by coupling to a dye reaction
(May, 1992). Each enzyme reaction will produce a banding pattern which is
characteristic of the enzyme and organism and is dependent on the quaternary
structure of the enzyme and number of alleles and loci. Sub-units in the quaternary
structure of the enzyme, multiple alleles and multiple loci give rise to different
motilities increasing and complicating the number of bands seen in the heterozygous
profile (May, 1992). Analysis can be further complicated by generation of artifacts,
either by conformational changes in the enzyme due to electrophoretic or extraction
conditions or by expression of an alternate enzyme with similar reaction
requirements, or by contamination (May, 1992).

The study of electrophoretic enzyme banding patterns, known as allozyme or,
more broadly, isoenzyme analysis (IEA), has many applications, such as the study of
organ metabolism, allele and gene composition and organization, quaternary
structure of enzymes, gene linkage and determination of allele frequencies in
populations (Avise, 1994; May, 1992). The application most relevant to this project is
in typing of organisms (May, 1992). Some diversity will remain undetected, however,
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because only variation producing charge differences are evident. Despite this
limitation, |EA is widely used because it was the first method to produce reliable
taxonomic data for Leishmania and thus it became the reference method for
identification of Leishmania, as well as for many other unicellular organisms.

IEA resolution can be improved for some enzymes by isoelectric focusing
(IEF) (Piarroux et al., 1995) on a gel with a pH gradient (May, 1992). IEF allows better
discrimination by separating proteins on the basis of their isoelectric point, but it has
some limitations, because some enzymes lose activity when subject to IEF
conditions. However, IEF data can complement standard isoenzyme characterization
and genotypic variance data (Piarroux et al., 1995).

Media other than starch are also used for allozyme electrophoresis, such as
cellulose acetate and polyacrylamide. Cellulose acetate is faster and requires less
sample and staining reagents (May, 1992), but fewer samples can be loaded.
Polyacrylamide gels are adequate for IEF and, by addition of SDS (a detergent),
proteins and their sub-units can be separated according to size. The highest
throughput method is thick starch gel electrophoresis, as gels can be sliced and thus

used for detection of several enzymes simultaneously.

3.1.2. Isoenzyme typing of Leishmania

Many enzymes, mainly from the glycolytic pathway, are available for typing
Leishmania and, upon development of the allozyme electrophoresis method (Godfrey
and Kilgour, 1976; Harris and Hopkinson, 1976), different enzymes and methods
were introduced. The LSHTM reference laboratory, uses thin layer starch gel
electrophoresis with 12 enzymes, of which 8 were found to discriminate between
strains of the L. donovani complex (underlined): alanine aminotransferase (ALAT;
E.C.2.6.1.2), aspartate aminotransferase (ASAT; E.C.2.6.1.1), esterase (ES;
E.C.3.1.1.1), glucosephosphate isomerase (GPI; E.C.5.3.1.9), malate dehydrogenase
(MDH; E.C.1.1.1.37), mannosephosphate isomerase (MPI; E.C.5.3.1.8), nucleoside
hydrolase (NH; E.C.3.2.2.2), 6-phosphogluconate dehydrogenase (6PGD;
E.C.1.1.1.44), proline iminopeptidase (PEP-D; E.C.3.4.11.5), phosphoglucomutase
(PGM; E.C.2.7.5.1), pyruvate kinase (PK; E.C.2.7.1.40) and superoxide dismutase
(SOD; E.C.1.15.1.1). Zymodemes, or enzyme types, from the LSHTM are coded with
serial numbers and the prefix LON. Under this system all L. infantum were typed as
LON49, L. donovani ss defined as LON 41 with 10 other zymodemes described as L.
donovani sl. The Montpellier reference laboratory uses a system of 15 enzymes,
which are suitable for described Leishmania species and for construction of

phylogenies (Rioux et al., 1990): MDH, malic enzyme (ME; E.C.1.1.1.40), isocitrate
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dehydrogenase (ICD: E.C.1.1.1.42), PGD, glucose-6-phosphate dehydrogenase
(G6PD; E.C.1.1.1.49), glutamate dehydrogenase (GLUD; E.C.1.4.1.3), diaphorase
NADH (DIA; E.C.1.6.2.2), purine nucleoside phosphorylase 1 (NP1; E.C.24.2.1),
purine nucleoside phosphorylase 2 (NP2 E.C.2.4.2), glutamate-oxaloacetate
transaminase (GOT1, GOT2: E.C.26.1.1), PGM, fumarate hydratase (FH:;
E.C.4.2.1.2), MPI and GP!I. Montpeliier uses a typing code with the prefix MON. MON
1 is for the most common L. infantum (LON 49), which comprises more than 17 other
zymodemes (Rioux et al, 1990) further increased with the discovery of new
zymodemes in HIV patients. L. donovani reference strain is zymodeme MON 2 and
12 more zymodemes have been described.

3.1.3. Technical procedure

Enzymes are released by rupture of the cell membranes either by mechanical
action or freeze-thawing, into a stabilizing buffer. Extracts are stored in liquid nitrogen
in beads of 10ul, which, when needed, are each placed in a well of a multiwell plate
to thaw and kept on ice during use.

Preparation of a thin layer starch gel is achieved by boiling starch in diluted
tank buffer, pouring and evenly spreading on glass plates. Gels must be free of any
gas bubbles and are placed on a cooling plate. Small cotton threads are soaked in
the samples and loaded onto the gel on a straight line. Plates are covered and
connected to the tank buffer by soaked sponge wicks. Adequate times, voltages and
buffers for electrophoresis have to be selected empirically. Staining reagents are
mixed and poured onto the gel as a solution for colour staining or soaked into filter
paper for fluorescent staining. Staining gels are poured into frames placed on the gel

and the filter paper is placed directly onto the gel. Gels are incubated until bands are

optimally stained for photography.

3.1.4. Future of isoenzyme analysis

Isoenzyme analysis still proves useful in many areas of biology and medicine,
but there are many disadvantages, especially for Leishmania: only limited genetic
diversity can be identified, only a few loci are usually examined, only strains isolated
from the host and free of contaminants can be studied, and a large number of
parasites are required for analysis. Until now, IEA has been cheaper and easier to
perform than genotyping, and was used to gather the most comprehensive genetic
data on Leishmania. The entire Leishmania genome is being sequenced, however,
and genotyping methods are being developed that are faster, cheaper and can be

species specific such that isolation and culture of parasites are not necessary. Most
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PCR based methods are also sensitive enough to require only small samples. By
genotyping it may also be possible to identify parasites from host biopsies without the
lengthy and hazardous process of culture.

Despite the recent focus on genomics, protein analysis expanded to the entire
protein complement of the genome (proteomics). The sequencing of genomes allows
faster identification of proteins and thus of their relation with biological function.

3.2. Results

3.2.1. Enzyme profiles for each strain

Each strain was analyzed by thin layer starch gel electrophoresis and stained
for the enzymes: ALAT, ASAT, GPI, MDH, MPI, NH, PEPD, 6PGD. According to Le
Blancq (1986), these were the polymorphic enzymes for the L. donovani complex
among the 12 which have been used in the LSHTM to characterize Leishmania
strains. The profiles obtained for each strain and the codes from previous
characterizations are listed for the outgroup strains in table Xll, L. chagasi strains in
table Xlll, L. infantum strains in table XIV and L. donovani strains in table XV.
Graphical depictions of the profiles for each enzyme are shown in Figure 13.

In the present work, some profiles did not match those described by Le Blancq
(1986). The LON 45 ALAT double band profile which had been described by Le
Blancq (1986) was not consistent because a similar pattern was also observed for
other strains. Each ALAT profile presented only one consistent single band, but two
other alleles were detected in strains C1 (WR341), D23 (Sukkar 2) and D26 (Wangjie
1) (Tables Xlil and XV, and Figure 13). Since zymodeme LON 45 could also be
differentiated from LON zymodemes by other enzymes, its designation was kept in
the absence of the ALAT characteristic pattern, but in the form of LON 45*.

Two single band 6PGD profiles were identified in the L. donovani complex,
and according to Le Blancq (1986) an extra, faint, band of the same size as the
slower ‘allele’ should have been present in all strains with the faster band pattern,
except LON 52. In this work only a few of the expected strains had the extra band,
therefore, and because the phenotype was not consistent with conventional
heterozygosity, only the stronger bands were scored. [t became thus impossible to
differentiate between zymodemes LON 42 and LON 52, which are here referred to as
LON 42/52.

It was very difficult to discriminate between MDH patterns, especially between
the fainter bands but also between the sizes of the slower stronger bands. For
simplicity, only the stronger bands were coded and the profiles corresponding to

relative motilities 100 and 104 in the MON system were not distinguished.
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Table XIl - Enzyme profiles of the outgroup strains.

Code Name Enzymes* Zymodeme
ALAT ASAT GPI MDH MPI NH PEPD 6PGD LON MON ILM
L. aethiopica MHOM/ET/1970/L96 E E D D E F E E 27 147? 18
L. major MHOM/SU/1973/5-ASKH D cC C - O E D D 1 4 17
L. tropica MHOM/SU/1974/K27 B - B A - - F - - 60 -

* distinct isoenzyme profiles are designated A, B, C, etc.

Table Xlll - Enzyme profiles of L. chagasi strains.

Code Name Enzymes* Zymodeme

ALAT ASAT GPlI MDH MPI NH PEPD 6PGD LON MON ILM

C MHOM/BR/1974/PP75" A C A A A B A B 49 1 9
C3 MCAN/BR/1984/CO910 - C - A B - B - - -
C8 MCAN/BR/1989/DOG118 A C A A A B A B - - 9
C7 MCAN/BR/1989/DOG136 A C A A A B A B - - 9
C13 MCER/BR/1981/M6445 A C A A A B A B - - 9
C9 MCER/BR/1983/M7633 - C - - A B - B - - -
C12 MCER/BR/1989/M12084 - C - - A B - B - - -
C11 MCER/BR/1989/M1201985 - C - - A B - B - - -
C5 MHOM/BR/1984/M8270 - C - - A B - B - - -
C4 MHOM/BR/1985/M9702 - C - - A B - B - - -
C2 MHOM/PA/1978/WR285 A C A A A B A B - - 9
C1 MHOM/PA/1980/WR341 C A A A A B A B (204) - 14

Not all strains were fully typed. In parenthesis is a LON zymodeme assigned in this
project, based on partial characterization. WHO reference strain. * distinct

isoenzyme profiles are designated A, B, C, etc.
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Table XIV - Enzyme profiles of L. infantum strains.

Code Name Enzymes* Zymodeme

ALAT ASAT GPI MDH MPI NH PEPD 6PGD LON MON ILM
[ MHOM/TU/1980/IPT-1T A C A A A B A B 49 1 )

123 IARV/PT/1989/IMT 169 - C - A A A B - 1 -
124 1ARI/PT/1989/IMT 170 - C - - A B - B - 1 -
125 1ARI/PT/1989/IMT 171 A C A A A A A B (201) 24 11
126 IARI/PT/1989/IMT 172 A C A A A A A B (201) 24 11
13 MCAN/FR/1982/Pharoah A C A A A B A B 49 - )
11 MCAN/PT/1981/L82 A A A A A B A B 49" - 8
110  MCAN/PT/1981/IMT 89 A C A A A B A B 49 - 9
11 MCAN/PT/1982/IMT 124 A C A A A B A B - - 9
18 MCAN/PT/1987/IMT 150 - - - - - - - - - 1 -
19 MCAN/PT/1987/IMT 152 A C A A A B A B - 1 9
12 MCAN/PT/1988/Rebelo 2 A C A A A B A B - - 9
120  MCAN/PT/1989/IMT 160 A C - A A B A B - 1 -
22 MCAN/PT/1989/IMT 161 - C - A A B A B - 1 -
121  MCAN/PT/1989/IMT 162 - C - A A B A B - 1 -
127  MCAN/PT/1991/IMT 177 - C - - A B - B - 1 -
129 MCAN/PT/1993/IMT 191 - C - - A B - B - 1 -
113 MCAN/PT/1993/IMT 193 - C - - A B - B - 1 -
130 MCAN/PT/1994/IMT 195 A C A A A B A B - 1 9
118  MCAN/PT/1994/IMT 204 - C - - A B - B - 1 -
119  MCAN/PT/1994/IMT 205 - C - - A B - B - 1 -
116 MHOM/CN/1980/Strain A A C A A A B A B - 34 9
117  MHOM/CY/1963/L53 A B A A A A A B (202) - 12
14 MHOM/ES/1987/Lombardi A C A A A A A B - - N
15 MHOM/FR/1978/LEM75 - C A A A B A B - 1 -
115 MHOM/IT/1981/Alessandro A C A A A B A B - 1 9
131  MHOM/MT/1985/Buck A C A A A A A B 49 78 11
16 MHOM/PT/1982/IMT 104 A C A A A B A B - 1 9
112 MVUL/PT/1983/IMT 108 - - - - - - - - 49 - -
17 MVUL/PT/1984/IMPT 128 - - - - - - - - - 1 -

Not all strains were fully typed. In parenthesis are LON zymodemes assigned in this
project, based on partial characterization. ¥ WHO reference strain. * distinct
isoenzyme profiles are designated A, B, C, etc. ** is a zymodeme previously reported

by Le Blancq (1986) but found here to be different.
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Table XV - Enzyme profiles of L. donovani strains.

Code Name Enzymes* Zymodeme
ALAT ASAT GPI MDH MPI NH PEPD 6PGD LON MON ILM
D  MHOM/IN/1980/DD8" A A A A A A A A 4 2 1
D28 MHOM/ET/1972/Gebre 1™ A A B A A A B 50 82 6
D21 IMAR/KE/1962/LRC-L57 A A A A A A A B 44 37 3
D35 ISER/PT/1993/IMT 188 A A A B A A A B - - 5
D22 MARV/SD/1962/LRC-L64 A C A B A A A B 48 - 7
D24 MCAN/IT/1976/Dora A B A B A A A B 50 - 6
D25 MCAN/KE/0000/D2 A A A A A B A B 45 - 8
D23 MCAN/IQ/1981/Sukkar 2 B D C€C C CE D C C 43 - 13
D26 MHOM/CN/0000/Wangjie-1 B A B A A C A B 42 35 16
D12 MHOM/ET/0000/Ayele 5 A A B A B A B B 52 - 10
D27 MHOM/ET/0000/Ayele 8 A A A A A A A B 56 - 3
D13 MHOM/ET/0000/Hussen A A B A B A B B 42 - 10
D1 MHOM/ET/1967/HU3 (LV9)T A A A B A A A B 46 18 5
D15 MHOM/ET/1984/Addis 142 A A A A A A A B - - 3
D29 MHOM/ET/1984/Addis 164 A A B A B A B B - 83 10
D14 MHOM/ET/1982/Bekele A A B A C A B B 42 - 10
D6  MHOM/IN/1977/Chowd-X A A A A A A A A - - 1
D7 MHOM/IN/1979/STL1-79 A A A A A A A A - - 1
D8 MHOM/IN/1982/Nandi 1 A A A A A A A A 41 - 1
D4 MHOM/IN/1982/Patna 1 A A A A A A A A 41 - 1
D2 MHOM/KE/1967/MRC(L)3 A A A A A A A B - - 3
D3 MHOM/KE/1973/MRC74 A A A A A A A A 51 - 1
D31 MHOM/KE/1975/Mutinga H9 A A A A A A A B 656 32 3
D16 MHOM/KE/1980/Ndandu 4A A A A A A A A B 44 - 3
D30 MHOM/KE/0000/Neal-R1 A A A A A A A B 656 - 3
D17 MHOM/LB/1984/Salti 4 A A A B A A A B - - 5
D34 MHOM/PT/1992/IMT 180 A A A B A A A B - 18 5
D32 MHOM/SA/1981/Jeddah KA A A B A B A B B 42 31 10
D9 MHOM/SA/1987/VL23 A A B A B A B B - - 10
D10 MHOM/SA/1987/VL29 A A B A B A B B - - 10
D11 MHOM/SA/1987/VL6 A A B A B A B B - - 10
D18 MHOM/SD/0000/Khartoum A A A B A A A B 46 18 5
D33 MHOM/SD/1982/Gilani A cC A B A A A B 48 30 7
D19 MHOM/SD/1985/A22 A C A B A A A B - - 7
D20 MHOM/SD/1987/UGX-marrow A A B A B A B B - - 10
D5 MMER/IR/1996/MESH-17 - - - - - - - - 50 - 6

+ WHO reference strain. ° L. archibaldi. * distinct isoenzyme profiles are designated
A, B, C, etc. ™ is the zymodeme previously reported by Le Blancq (1986) but found

here to be different.
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3.2.2. Zymodeme assignments

The zymodeme numbers assigned to each strain are listed for the outgroup
strains in table Xl|, L. chagasi strains in table XIll, L. infantum strains in table XIV and
L. donovani strains in table XV, with the graphical depiction of the profiles of each
enzyme and each zymodeme in Figure 13. A new coding system (ILM) was
implemented because of the incompatibilities between the LON coding system and
the procedure used here. More specifically, ILM uses partial typing (eight enzymes)
and a simpler ALAT, 6PGD and MDH profile coding. Furthermore, some strains were
found here to have different profiles from those which had been previously described
(Le Blancq, 1986). Fifteen distinct profiles were described (Fig. 13; ILM 1, 3, 5-14, 16-
18), but three more numbers (ILM 2, ILM 4 and ILM 15) were also assigned, which
could correspond to distinct LON zymodemes (Fig. 13) if MDH had been coded as for
the LON system.

Five novel zymodeme profiles in relation to previously described LON
zymodemes (Le Blancq, 1986) are described here. Strain Sukkar 2 (D23) was
assigned zymodeme ILM 13. This strain was heterozygous for 6PGD, had an ALAT
profile similar to strain Wangjie 1 (D26) and had a GPI profile similar to L. major, but
all other assayed enzymes were different from any strain tested in the L. donovani
complex and outgroups. Strain Wangjie 1 (D26) was typed as ILM 16, which was
similar to ILM 10, except for an ALAT profile similar to ILM 13 (see above) and a
novel distinctive NH profile. Strain WR341 was assigned zymodeme ILM 14, which
was very similar to ILM 8, although with a novel ALAT profile. Some L. infantum
strains have two different novel combinations of previously known alleles which were
coded as ILM 11 and ILM 12. ILM 12 had the particularity of being, as ILM 6,
heterozygous for ASAT. The profiles observed for all zymodemes are shown in
Figure 13. The new zymodemes (ILM 11-16) were also tentatively assigned a LON
number, starting from 201 and are described here with the respective profiles.

Zymodemes MON 24, 34, 35 and 83 were typed by the LON system for the
first time, although using only eight enzyme systems. The profiles observed here
were equivalent to those observed for the same enzymes by Rioux et al. (1990),
except for MDH 100 and 104, which could not be discriminated from each other, and
ASAT which intermediate MON code (113) was seen and coded here as a
heterozygous profile. MON 24 and MON 35 strains were typed as novel zymodemes
ILM 11 and ILM 16, respectively, whilst MON 34 and MON 83 strains were
indistinguishable from previously described zymodemes ILM 9 (LON 49) and ILM 10
(LON 42/52), respectively.
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Figure 13 - Schematic representation of the isoenzyme profiles for each zymodeme
type found. Not drawn to scale. Dashed lines indicate bands which presence was not
reliable in different replicates but which had been used by Le Blancq (1986). Identical
zymodeme profiles are indicated (=), which would be differentiated if MDH had been

scored as by Le Blancq (1986). Bottom lines represent origin of migration (anode).
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3.2.3. Phylogenetic analysis

The isoenzyme data obtained in this work was scored either as presence /
absence characters or as qualitative multistate characters (each band coded as a
base or an amino acid in, respectively, DNA or protein sequence files, and being
analysed with the simplest algorithms by the appropriate programmes); 10.2. Annex 2
- Table XXXVI .

The shortest parsimony trees from binary coded data were produced by Dollo
parsimony (Fig. 14). Rooting of those trees depended on the outgroup used: if ILM 13
was used as outgroup, then the root lay in the branch leading to ILM 10 and ILM 16,
but if only ILM 17 and 18 were used as outgroups, then the root lay in the branch
leading to ILM 8 and 9. Topology of the two trees was otherwise similar, except for
position of ILM 11.

An UPGMA tree using Jaccard dissimilarity data (Table XVI) was rooted as the
equivalent tree obtained by Le Blancq et al. (1986) using LON zymodemes (Fig. 15),
but further topology within the L. donovani complex was different, except for
clustering of ILM 8 with 9, and ILM 5 with 7. The UPGMA phenogram, however, was
not affected by the outgroup (ILM 13, 17, 18) as the parsimony trees had been. In
trees by neighbour-joining and Fitch-Margoliash (sum of squares (SQ) = 2.1 average
percent standard deviation (ASD) = 14), ILM 3 clustered with ILM 1, and ILM 11 with
ILM 5 and 7. However, ILM 11/5/7 were associated with ILM 8 and 9 or with ILM 1
and 3 by Fitch-Margoliash or by neighbour-joining clustering, respectively. Clustering
methods using distances from data coded as amino acid residues in a protein
sequence (Table XVI) produced further alternative trees.

Parsimony trees from data coded as bases in a DNA sequence varied
enormously according to the rooting and in each analysis, therefore, a maximum
likelihood tree is presented instead (Fig. 16), with a transition / transversion ratio set
to 1. This tree is equivalent to that obtained by Rioux et al. (1990) except that ILM
5/6/7 were not in the root of the L. donovani complex, but branched from ILM 11,
which is depicted here as part of a circle including ILM 3 and ILM 12 (a putative
hybrid, heterozygous for ASAT). Another circle links ILM 5/6/7, in which ILM 6 is the
putative hybrid, heterozygous for ASAT. Cladograms using MON data (B by Rioux et
al. (1990) and C, coded as bases in a DNA sequence) were compared. Whilst
general topologies are similar, the clear cut division between L. donovani and L.
infantum seen in Rioux’s cladogram is less obvious in the alternative parsimony tree

and even less in the ILM data tree, where L. infantum is much less diverse than L.

donovani.
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Table XVI - Dissimilarity calculated between all zymodemes analysed: bottom half for
binary coding using Jaccard index and upper half for coding as multistate qualitative
characters (amino acids in a protein sequence like file) using Kimura parameter.

iLM1 ILM3 ILM5 ILM7 ILM8 ILM9 ILM10ILM 11 ILM 13 ILM 16 ILM 17
ILM1 - 0.000 0.160 0.360 0.159 0.356 0.626 0.159 -1.000 1.013 -1.000
ILM3 0.222 - 0.137 0.304 0.137 0.304 0.516 0.137 -1.000 0.799 -1.000
iLM5 0400 0.222 - 0.137 0.304 0.516 0.799 0.304 -1.000 1.214 -1.000
ILM7 0.545 0.400 0.222 - 0.516 0.304 1.214 0.137 1.984 1.984 -1.000
ILM8 0.400 0.222 0.400 0.545 - 0.137 0.799 0.304 -1.000 1.214 -1.000
ILM9 0.545 0.400 0.545 0.400 0.222 - 1.214 0.137 1.984 1.984 -1.000
ILM10 0.667 0.545 0667 0.769 0.667 0.769 - 0.799 -1.000 0.137 -1.000
ILM11 0400 0.222 0.400 0.222 0.400 0.222 0.667 - 1.984 1.214 -1.000
ILM13 0.941 0.941 0.941 0.941 0941 0.941 0.941 0.941 - 1.984 -1.000
ILM16 0.769 0.667 0.769 0.857 0.667 0.769 0.545 0.769 0.875 - -1.000
iLM17 1.000 1.000 1.000 0.933 1.000 0.933 1.000 0.933 0.941 1.000 -
iLm18 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

A
1 character __i—_— ILM 9
I ILM 8

ILM 17

0.6 L—— LM 10

04 — ILM5

Figure 14 - Parsimony analysis of the isoenzyme profiles determined with eight
enzymes. Consensus trees from Dollo parsimony, using binary coded data: A) with
ILM 17 and 13 as outgroups and from 18 best trees with 20 reversions in each
character; B) with ILM 17 and 18 as outgroups and from 42 trees with 13 reversions
in each character. All branches were present in more than eight out of 10 trees,

except for those which have relative frequencies indicated above the branch.
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Figure 15 - Comparative UPGMA phylogenetic analysis of the isoenzyme profiles
determined in this work (eight enzymes) with that of previous workers (12 enzymes). A)
UPGMA tree from Jaccard dissimilarity compared with B ) UPGMA tree obtained by Le
Blancq et al. (1986). Correspondence between zymodemes is shown by arrows. A

broken line indicates correspondence of strains, but not of zymodemes (see text).
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Figure 16 - Comparative parsimony analysis of the isoenzyme profiles determined in
this work with that of previous workers. Comparison of A) maximum likelihood
cladogram (without branch lengths) obtained with data from the present work and
scored as multistate qualitative data in the form of bases in a DNA sequence (using
transition / transversion ratio = 1) with B) a cladogram obtained by Rioux et al. (1990)
and C) a reconstruction of a MON |IEA parsimony tree with data (same as in B) scored
as DNA sequence data (as in A) (consensus from 100 most parsimonious trees). ILM
zymodemes are represented by numbers inside circles and MON codes are
represented in trees B and C by ILM zymodeme numbers: MON 1 is 9, MON 24 is 11,
MON 18 is 5, MON 30 is 7, MON 31 is 10, MON 32 is 3, MON 35 is 16, MON 37 is 4,
MON 82 is 6, MON 83 is 15, MON 34 is ?. In blue are L. infantum strains, as defined by
Rioux et al. (1990), in green are L. donovani strains, in red is L. archibaldi and in CYAN
is zymodeme ILM 8, which was used in this work but has no known correspondence in
MON. ILM 6 and ILM 12, heterozygous for ASAT, were not included in the ILM analysis
but were placed here as putative ILM 5 and ILM 7 or ILM 11 and ILM 3 hybrid,
respectively, hence the triangular branching patterns on A). Alternative root position
using ILM 13 as outgroup is shown in A. The number of steps for each branch is

represented by dashes in B and C.
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3.3. Discussion

The isoenzyme system of 15 enzymes described by Rioux et al. (1990) is the
most widely used and the current reference for typing and taxonomy of OwW
Leishmania. The 12 enzyme system used in the LSHTM has fallen into disuse,
although it was an important reference.

The cladistic analysis of MON zymodeme profiles by Rioux ef al. (1990) used
ASAT as the diagnostic enzyme (Rioux et al., 1990) to differentiate two main clades
in the L. donovani complex L. infantum and L. donovani, and a third species L.
archibaldi. Alternatively, LON 49 has been used as synonymous with L. infantum ss,
LON 41 as synonymous with L. donovani ss (Le Blancq, 1986), and all other

zymodemes in the L. donovani complex have been designated as L. donovani sl.

Problems encountered

Isoenzyme typing has historically been the gold standard in characterization of
Leishmania and any DNA based method has to be evaluated against it for continuity
purposes. However, any phylogeny produced by enzyme electrophoresis will suffer
from many pitfalls, not least of all because only charge differences are detected by
this method and many changes in amino acid composition are missed. Other
problems are the low number of characters produced, the impossibility of correlating
band size with similarity and the dependence on growing conditions for expression of
determined enzymes or alleles.

The profiles observed for some strains were not those expected from previous
characterizations by Le Blancq or Evans. Some differences were strain restricted. In
the case of strain Sukkar 2 (D23), the profiles were so different from all other strains
used here, that the possibility of an error retrieving the right strain is very strong. In
the case of strain Wangjie 1, it had been typed as LON 42, but in here a small
difference was detected in size of the NH band, the size of which was equivalent to
that described by Rioux et al. (1990). This strain was also found here to have
different profiles for enzymes ALAT, MPI and PEPD than those described by Le
Blancqg (1986). Some L. infantum strains previously typed as LON 49 (Le Blancq,
1986) were found here to have different profiles - L82 (I1) with a L. donovani type
ASAT, and Buck (131) with the alternative NH pattern. Other differences were generic
for one enzyme (MDH, ALAT and 6PGD), for which some bands were difficult to
discriminate by size (MDH) and others were faint and not reproducible. These
secondary bands are probably artifacts, most likely dependent on particular running

conditions or enzyme extractions.
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The reasons for differences in particular strain profiles are not clear, although
cross contamination is a possibility in the original typing. Great care was taken
thoughout the present work and particular DNA based profiles, most notably that of
Wangjie 1, were consistent with their respective MON zymodemes.

There are several possible explanations for the difficulties encountered here in
replicating certain profiles, especially regarding faint bands. Enzyme extractions could
have been done from parasites in different stages of growth, or the culture medium
could have been different from the one previously used, thus slightly altering enzyme
expression. Running or staining conditions may not have been totally reproduced.
However, only minimal changes would be expected to result from these latter
variables, such as satellite bands and increasing or decreasing resolution.

The difficulties faced in‘ this work to fully reproduce the profiles found by
previous workers using the same system are a small example of the problems faced
when trying to standardize the method for use in different laboratories. Not only the
same reference strains are required, but diverse laboratories use different

methodologies for culture, electrophoresis and development.

Zymodemes

An alternative classification to the LON was used in this work because of the
differences between the profiles found now with those previously by Le Blancq
(1986), the scoring method used and because enzymes that had not been found to
be polymorphic in the L. donovani complex were not tested here. The new series
uses the prefix ILM and describes 15 distinct zymodemes. Some strains, which had
not been characterized before by the LON system, were found to have novel profiles.
These strains were tentatively ascribed a LON number, starting from 200, exclusively
and were described here with the respective profiles. Because further
characterization is required stabilates were stored in the LSHTM.

Two zymodemes described here were found to be heterozygous for ASAT,
thus suggesting that recombination may occur within the L. donovani complex.
Heterozygosity may have arisen independently with descendants becoming
homozygous, but such a scenario is not likely because heterozygosity would have to
have arisen independently twice producing the same alleles.

The enzyme typing of the strains used in this project provided a basis for
comparison of traditional typing methods with DNA based methods. Although a
comprehensive allozyme study of the L. donovani complex was not achieved in this

work the characterization of strains was sufficient to provide a correlation with

established isoenzyme typing.
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Phylogenies

The isoenzyme data collected here was used to generate phylogenies of the
L. donovani complex in order to compare with phylogenies generated by DNA based
methods. In all obtained phylogenies, there were apparent associations of
zymodemes (ILM 5, 7 and 6, ILM 8 and 9, ILM 10 and 16) but topologies were
variable, according to the coding method, outgroup and tree building method used.
The simplification of the MDH data had as consequence a reduction in tree resolution
and higher topological uncertainty. However, it was evident that the clear division of
the L. donovani complex into L. donovani, L. infantum and L. archibaldi, as suggested
by Rioux et al. (1990), was not well supported, inclusively by re-analysis of their data.
Phylogenetic reconstructions based on isoenzyme characters, especially using a
small number of characters are not robust and should be interpreted with care when

addressing Leishmania taxonomy.
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4. Comparison of Leishmania genomes: RAPD

analysis
4.1. Introduction

A simple method to generate random anonymous genetic markers by PCR
amplification was developed simultaneously by Williams et al. (1990) and Welsh and
McClelland (1990) and was called random amplified polymorphic DNA (RAPD) or
arbitrarily primed PCR (AP-PCR), respectively. A single primer of, usually, short
length (8-12 bases) is used in a PCR reaction, frequently with low annealing
temperatures during thermal cycling, and thus low specificity. Potentially, a number of
fragments are amplified from undetermined regions in the genome. Whole genomes
can be compared without the need to have previous information on DNA sequence,
through this fingerprinting method. Lack of reproducibility due to sensitivity to
experimental conditions is a common problem with RAPDs (Lamboy, 1994; Noyes et
al, 1996) but it has been a useful technique in producing taxonomic data for
Leishmania (Andresen et al., 1996; Motazedian et al., 1996; N<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>